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Part One 
,..fhc Nature of the Thin ·Film. Oven Test 
i. 
Authorization 
The Iowa Highway Research Board at. its May 1966 meeting approved 
Project HR-124 entitled, "Development of a Laboratory Durability Test 
for Asphalts." Upon approval of the Iowa Highway Commission and allocation 
of funds, a contract for the execution of the work on the project was 
awarded to the Engineering Research Institute of I.owa State University 
with the date for completion of the work set for May 31, 1967. This 
study under the same title was designated Project 624-S of the Engineering 
Research Institute. 
This report recovers the work completed up to May 31, 1967. This 
work encompassed studies in the initial two phases of an overall study 
in the development of a durability test for paving asphalts. 
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.summary 
Fruitful research on durability of paving asphalts may come from 
two approaches: 
e The improvement of the asphalt for durability. 
eThe development of relatively rapid laboratory tests which will 
enable the design engineer to select or to specify an asphalt based 
on quality and to make a correct estimate of the service life of 
a selected asphalt when used in a specific paving mixture. 
Research Project HR-124, "Development of a Laboratory Durability 
Test for Asphalts," sponsored by the Iowa Highway Research Board is in 
the second category and was intended to be the initial stage of .an overall 
study in the development of a durability test for paving asphalts. 
The original proposed study involves work in the following phases: 
A. The identification and ascertainment of predominant factors 
causing hardening during mixing, laying and in road service, their 
mechanisms and their effects, 
B. Development of an accelerated laboratory test that will 
simulate changes in asphalt (including hardening and other colloidal-
chemical changes) both during mixing and in road service, 
C. Correlation of hardening and other changes in asphalt during 
the developed laboratory durability test and changes in asphalt in 
paverrwnt, and 
D. Establishment of durability critriria for paving asphalts by 
me11ns of c•stnblished laboratory durability tests on original asphalt. 
Rrisearch Project HR-124 encompassed work in the first two phases 
and has been completed. A new proposal has been submitted to the Iowa 
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Highway Research Board to undertake the third and fourth phases of the 
durability test study so that information obtained from HR-124 and from 
the extension of HR-124 can be applied to asphalt paving design and 
quality control. 
This is a progress report on the work accomplished in HR-124. For 
clarity, the Report is presented in two parts. Part One is a critical 
examination of the BPR Thin Film Oven Test (TFOT). This includes the 
review of the background from which the test was developed; the study 
of the factors that affect the test, including film thickness, heating 
temperature, heating atmosphere, and duration; the investigation of 
the evaluation 'that may be derived from the test and the significance 
and potential of the test as related to quality control and laboratory 
durability test for asphalts. Part Two is a report on the development 
of a laboratory durability test. This includes a review of the state-
of-the-art in the durability of paving asphalts and the actual development 
of the test. 
The major conclusions drawn from the study in HR-124 are: 
eThe approach of the proposed durability test is considered sound 
and the procedure reproducible. 
eThe procedure is capable of accelerating the hardening of asphalt 
in a relatively short period of time. 
eoiffcrences exist among asphalts in hardening during the pressure-
oxidation procedure. 1~ercfore the procedure can distinguish between 
asphalts that are susceptible to hardening and those that are not. 
eThe hardening in the pressure-oxidation process is a hyperbolic 
function of time. This is in agreement with actual asphalt hardening 
iv 
foun<l in service. It suggests that n definite correlation can be 
established between field hardcnirig and the proposed laboratory 
durability test. 
econtinued study into the next phase of the durability test investi-
gation _is necessary and warranted so that information obtained can 
be put into useful and applied form in asphalt paving design and 
quality control. 
Introduction · 
Investigation~ have shown that asphalts produced from different 
crude sources and methods of production can have various degrees of 
durability under equivalent conditions of construction, traffic, and 
climate. Investigations have also demonstrated that the present speci-
fications for paving asphalts do not exclude the possibility of the 
use of poor durability asphalts. A heed exists in the paving industry 
to develop test methods and specifications to enable the effective 
exclusion of the use of nondurable asphalts and a reasonable prediction 
of the useful lif~ of asphalts used. 
All bituminous paving materials are affected by heat, weather, 
traffic, and time. The combined effects result in a hardening of the 
asphalt and less desirable adhesion and rheological characteristics. 
The ability of an asphalt to resist these changes due to the heat and 
oxidation is defined as its durability. 
It is agreed that the most important single factor causing asphalt 
to crack and·disintegrate is asphalt hardening. Therefore the degree 
and rate of hardening of asphalt under specific weathering and traffic 
conditions is indicative of the relative durability of the asphalt. 
The hardening that occurs in asphalt takes place in two steps: 
hardening during short periods of time in a mixer at high temperatures 
and higher rates, and hardening over long periods of time in pavement 
at relatively lower temperatures and lower, decreasing rates. There 
is evidence that the hardening mechanisms in these two stages are quite 
different. Heat and oxidation are believed to be the predominant factors in 
the mixing process and essentially the hardening during pavement service 
is caused by oxidation. 
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Hardening during hot mixing can reduce the useful life of asphalt 
by as much us ten years. Obviously the degree and nature of hardening 
in asphalt during this relatively short time should be one of the most 
important factors to be considered in selection of the asphalt, in 
construction control,: and in developing durability tests for paving 
asphalts. 
Considerable study has been given to the development of tests and 
techniques for evaluating the hardening properties of asphalt as related 
to asphalt durability and quality control. One approach to the problem 
is various forms of oven heating tests. Among all oven heating tests, 
the Bureau of Public Roads Thin Film Oven Test (TFOT) is now recognized 
as one of the most valuable in predicting the hardening of asphalt 
during mixing, in measuring the potential durability of asphalt in 
pavement, and in quality control. The test was first proposed by Lewis 
and Welborn in 1940 and has been adopted as an ASTM tentative standard 
·in 19631 ' 2 • The proposed requirement of minimum retained penetration 
has been included by majority of specifications for paving asphalts. 
However, the test itself has lacked systematic study since the first 
1-4 few papers by the Bureau of Public Roads . Owing to the increasing 
acceptance of the TFOT and its potential in asphalt durability evaluation, 
a close examination of the test is highly desirable. 
This study examines the nature of the test; the factors affecting 
the test including film thickness, temperature, heating duration, and 
heating medium; the evaluation that can be derived from the test such 
as hardening, chemical changes, and volatility; and the significance, 
value, and potential of the TFOT as related to quality control and 
lnboratory durability test. 
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The properties of the asphalts used in this study are given in 
Table 1. The results of the study are presented separately under the 
following headings: 
Background 
Effect of Temperature in the TFOT 
Effect of Film Thickness in the TFOT 
E [feet of Heating Time in the TFOT 
Effect of Heating Medium 
TFOT and the Volatility of Asphalt 
TFOT and the Hardening of Asphalt 
TFOT and the Ductility of Asphalt 
Applications of the TFOT 
Conclusions 
Table 1. Characteristics of original asRhal_ts. 
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Backgr{)1ln~_ 
The importance of heat stability or resistance of paving asphalt 
was recognized early in the history of asphalt paving technology. 
It was reported that in 1897 Allen Dow suggested two methods for 
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determining asphalt hardening when heated to high temperatures . One 
of the methods involved heating 20 g of asphalt in a 2-oz glass retort 
at 400 °F for 30 hours and determining weight and penetration loss. 
8pecifications based on this test required a maximum loss on heating of 
8 percent and minimum retained penetration of 75 percent. .This was 
probably the original loss on heating test, Prior to 1911, there were 
a number of other heat tests proposed; all were used to determine weight 
loss and penetration drop. Clifford Richardson6 , in his book, 
The Modern Asphalt Pavement, gave the name of the test as "Loss on 
Heating." The heating time was arbitrarily set at 7 hours and the 
temperature at 325 °F and 400 °F. A sample weight of 20 g was used 
in a crystallizing dish 2-t, in. in diam, making a film of 0. 788 cm or 
0.31 in. The major concern of the test was the volatile loss. 
In 1911, Hubbard and Reeve prepared a bulletin on methods used 
by the Office of Public Roads, for the examination of bituminous road 
. 1 7 materia s . The bulletin included a "volatilization test", the object 
being the determination of the weight loss the material underwent when 
200 gin a standardized 6-cm~diam tin box (making a film of 0.71 cm 
or 0.28 in.) were subjected to a temperature of 163 °c for 5 hours. 
Changes in the character of the material due to such heating were also 
to be ascertained. The changes were meant to be in general appearance 
and in hardening using a float or penetration test. The volatilization 
5 
test was made on practically all bitumens except tars and was also 
occasionally made at 400 °F for 5 hours. The same year, ASTM issued a 
method for the determination of the loss on heating of oil and asphal tic 
compounds. A 20-g sample was placed in a flat bottom tin, 6 cm in diam, 
and heated for five hours at 325 °F. In 1916 the loss on heating test 
I 
was made on ASTM Standard Test Method D6-ll. The size of the sample 
was increased to 50 g and the 3-oz tin in use today was specified, making 
a film of 13/16 in. The present ASTM designation for this test is· D6-64. 
The basic conditions of the test ASTM D6-16 are still the same. 
Many attempts were made to explain the field behavior of asphalts 
in terms of results obtained from the standard loss on heating tests. 
Anderson et al. developed a "resistance to hardening" value based on 
the penetrations of residues of the standard loss on heating test after 
5 and 1.0 hours8 . The "resistance to hardening" value is equal to 
. yl - 1 
5(y _ y ) + 5 
1 2 
in which Y1 log penetration after 5 hours at 325 °F. 
Y2 log penetration after 10 hours at 325 °F. 
They set a resistance to hardening value of 55 as the dividing line 
between satisfactory and unsatisfactory materials. Resistance value 
could also be interpreted as the hours it would take to harden the 
asphalt in the standard loss on heating test at 325 °F to a penetration 
of 10. 
Clark studied the volatility of asphalts by the standard loss on 
9 10 heating test· ' • He concluded that the hardening of asphalt during 
mixing, as measured by loss in penetration, was proportional to the 
volatility of the asphalts as measured by the standard loss on heating. 
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Nevertheless, the value of the standard loss on heating test in 
. 11-15 predicting the hardening of asphalt was questioned by many technologists 
It is now generally agreed that, because of the depth of the sample in 
a standard loss on heating test, the conditions are not sufficient severe 
to evaluate and differentiate the hardening properties of asphalts. 
With the advent of vacuum distilled asphalts, the value of the test in 
characterizing the early steam-refined petroleum asphalts was also lost. 
The first thin film exposure test on asphalt was probably developed 
by Hubbard and Reeve in 191316 • In a paper en tit led, "The Effect of 
Exposure on Bitumens 11 they described the exposure of eight bituminous 
materials in films of 1/8 in. to the action of natural light, air, and 
solar heat. Their conclusion w.as that the hardening of bitumen upon 
exposure was not due to loss by volatilization of the light constituents 
alone. The data indicated that the increase in asphaltenes due to 
oxidation were also responsible for the hardening. Natural exposure 
17-20 tests in films of 1/8 in. were also made on liquid asphalts • 
Realizing the inadequacy of the standard loss on heating test in 
providing more information on the quality of asphalts, the Bureau of 
Public Roads investigated oven heating tests of asphalt in films thinner 
than the 7/8-in. layer of the old loss test. This work was first re-
22 ported by Lewis and Walborn • This report represented the results of 
tests on eighty 50-60 and 85-100 pen. (penetration) asphalts made on 
the residues from the standard loss on heating tests as well as residues 
from the thin film oven tests. Sixteen 50-60 pen. grade asphalts were 
used to study the effects of heating time from 2 to 10 hours and film 
thicknesses of 1/8, 1/16, and 1/32 in. The properties of eight residues 
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from the TFOT were compared with those of the same asphalts recovered 
from Ottawa sand and sheet asphalt mixtures used in the Shattuck mixing 
23 
tests In addition test sections of sheet asphalt were constructed 
using one of the 50-60 pen. asphalts. Samples were taken immediately 
after the hot mix was laid and compacted. Penetration, ductility, and 
softening point of the reocvered asphalt were compared with those of 
the residue from the TFOT on the original asphalt. The most significan~ 
conclusions from this study were: 
eThe standard loss on heating test does not furnish adequate in-
formation concerning the probable behavior of asphalts for use in 
hot-mix paving. 
eThe changes that occur during the TFOT for 5 hours with 1/8-in. 
films in asphalts of the 50-60 grade are comparable to the changes 
that may be expected in bitumen recovered from mixtures prepared 
in paving plants. 
eThe ability of asphalts to retain their original characteristics 
after the 5-hour, 1/8-in.-film oven tests offers a means of 
evaluating their relative durability. 
A second paper in 1946 by Lewis and Halstead reported the results 
of TFOT on asphalts of 60-70, 100-120, and 120-150 penetration grades 24 
The data in this report generally supported the earlier findings for 
the 50-60 and 85-100 grades. Requirements of percent weight loss, 
retained ductility and penetration on their film oven test (1/8-in. 
film heated 5 hours at 325 6F) for all grades of asphalts were suggested. 
Winniford25 studied the reproducibility of the standard loss on 
heHting test (ASTM D 6) and TFOT as affected by oven design such as the 
8 
levelness of the rotating shelves and the rate of air circulation in 
the ovens and as affected by testing procedures such as the position of the 
thermometer, the sample size, type of container, and the manner the 
penetration on residue is determined. The TFOT proved to be a more 
sensitive measure of the changes in weight and penetration occurring 
in the ovens than was the standard loss on heating test for paving 
asphalts. 
The TFOT was modified by Vallerga ~· to study the effect of 
26 heat, infrared and ultraviolet lights on the aging of asphalts • The 
major modification was that the rotating-shelf was tilted at a 15 degree 
angle to horizontal resulting in thinner films. 
The most recent studies including the TFOT were the reports on a 
general study of properties of asphalts produced in the U. s. for 
highway construction which were reported in 195927 and 1960
28
. 
Table 2 shows the evolution of the various oven tests proposed 
and the present standards. 
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Table 2. Parameters in various oven heating tests. 
Film 
Wt. of Thickness Temp Time 
Name Sample (in.) (OF) (hours) 
Dow (1897) 20 (a) 400 30 
Richardson (1905) 20 0.31 325 7 
Richardson (1905) 20 0.31 400 7 
Hubbard & Reeve (1911) 20 0.28 325 5 
Hubbard & Reeve (1911) 20 0.28 400 5 
. ASTM (1911) 20 0.28 325 5 
ASTM D6-16 (1916) so 0.83 325 5 
Lewis & Welborn (1940) 50 0.13 325 5 
Germany (DIN 1995) 100 0.31 325 5 
British (IP 45/58) 50 0.83 325 5 
ASTM D6-64 50 0.83 325 5 
ASTM D 1754-63T (b) 0 .13 325 5 
(a) 2 oz glass retort was used 
(b) 50. 0 ml 
10 
Effects of Temperature 
. . . . . 
Both the physical and chemical properties of asphalt undergo changes 
due to time and exposure to heat and oxygen. In general, these changes 
are detrimental to its function as binder and waterproofing agent. 
Since in mqst applications of asphalt heating is almost an essential 
step, the effects of heat in air has been related to asphalt quality. 
The resistance of asphalt to change due to heating is considered one 
of the most important qualities of asphalt and has been the basis for 
all oven heating tests for asphalt. 
Since the TFOT is basically a heating test and since almost all 
effects' that cause changes in asphalt are influenced by temperature, 
this factor was studied. Five 85-100 pen. asphalts and one 120-150 
pen. asphalt were used in the study. A standard TFOT was run on all 
asphalts at temperatures from 150 °F to 400 °F. To study the influence 
of oxygen, samples of 1/8-in. films were also heated in oxygen and 27 
in. mercury of vacuum for five hours at all temperatures. Physical 
changes in asphalts were determined by penetration, softening point, and 
absolute viscosity at 77 °F. Chemical changes as indicated by asphaltenes 
content changes and oxygen content changes were also determined. The 
results obtained at various temperatures are given in Tables 3 and 4. 
Figure 1 shows the effect of temperature in a TFOT on the viscosity 
change. Figure 2 shows the influence of heating in a TFOT.'(1/8-in. 
film, 5 hours) in 1-atm oxygen, 1-atm air, and 27~in. mercury vacuum 
on log penetration. Typical curves showing the effects of temperature 
on softening point arc presented in Fig. 3. The following can be 
observed: 
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Table 3. Effoct:s of temperature. 
Temperature Penetration .S.P. Viscosity Asphaltenes 
A.G. (OF) Medium '100/5/77 (OF) 77 OF (megapoises) (%) 
1 225 02 66 128.0 4.60 22.S 
Air 81 122.5 2.40 20.5 
Vac 87 119.0 2 .10 19.0 
325 02 32 150.5 18.6 28.7 
Air 48 131.5 7.50 22.7 
Vac 72 120. 5 2.80 19.4 
L~oo 02 16 168.0 25.5 33.8 
Air 20 163.0 22.5 26.5 
Vac 60 128.5 5.50 20.0 
2 225 02 68 123.0 3.75 18.8 
Air 77 120.0 3.25 16.0 
Vac 87 116 .5 2.10 14.7 
325 02 34 146.5 11. 7 24.4 
Air 54 133.0 5.64 18 .1 
Vac 79 119.5 2.80 15.6 
400 Oz 19 191.5 24.7 30.5 
Air 25 158.5 22.5 27.4 
Vac 72 131.0 6.20 18.5 
7 150 02 78 115.0 1.58 17.0 
Air 83 115.5 1.36 16.7 
Vac 89 114.0 1.28 16.5 
225 02 74 117 .5 2.45 19.3 
Air 81 116. 5 1.85 17.3 
Vac 88 114.5 1.35 16.7 
12 . 
(Table 3. Cont.) 
Temperature Penetration S.P. Viscosity Asphaltenes 
A.C. (OF) Medium 100/ 5/77 (oF) 77 °F (megapoises) (%) 
325 02 34 144.5 23.0 24.8 
Air 55 127.0 4.65 18.8 
Vac 78 117. 5 1. 72 17.1 
400 0 28.0 
2 
Air 24 150.5 32.5 23.3 
Vac 68 122.5 2.25 19.1 
9 150 02 78 117. 5 2.10 19.8 
Air 79 117. 5 2.00 19.2 
Vac 87 116.5 1.95 19.1 
225 02 59 120.5 4.15 20.8 
Air 73 119.0 2.40 19.6 
Vac 81 117 .5 2.05 19.5 
325 02 33 147.5 17.0 25.9 
Air 55 124.0 5.50 21.4 
Vac 75 119.5 2.45 20.2 
400 02 14 188.0 35.2 
Air 21 158.5 66.0 27.6 
Vac 62 121.5 3.21 19.8 
10 150 02 79 119.5 2.45 13.3 
Air 83 117 .5 1.95 12.8 
Vac 86 116. 5 1.73 12.9 
225 02 65 125.5 3.05 ~4.8 
Air 74 122.0 2.45 13.7 
Vac 80 120.0 2.36 13.0 
13 
(Table 3. Cont.) 
Temperature Penetration S.P. Viscosity Asphal tenes 
A.C. (OF) Medium. 100/ 5/77 (OF) 77 OF (megapoises) (%) 
325 02 29 144.5 26.5 25.1 
Air 55 130.0 6.45 16.0 
Vac 74 121.5 3. 90 . 13o3 
400 02 20 159.5 52·.o 26.2 
Air 29 151.0 31.5 22.6 
Vac 65 122.5 4. 7 5 13.8 
11 150 02 120 108.5 0.64 16.0 
Air 123 108.0 0.56 15.7 
Vac 128 108.0 0.54 15.2 
225 02 95 111.5 1.10 1706 
Air 110 110 .5 0. 71 16.4 
Vac 123 109.0 0.55 16.2 
325 02 44 128.5 10.0 23.2 
Air 76 117 .0 2.35 19.0 
Vac 114 110.5 0.71 16.5 
400 02 . 27 
Air 32 143.5 23.5 27.1 
Vac 98 112. 5 Oo98 17.6 
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Table 4. Chemical changes vs TFOT. 
Original Temp Original Treated 
A.C. Penetration. (OF) Medium Asphaltenes % 02 Asphaltenes % 02 
1 88 18.8 0.79 
225 02 22.0 1.11 
Air 20.9 1.06 
Vac 19.0 0. 90 
325 62 28.T 1.85 
Air 25.2 1.45 
Vac 19.4 1.12 
400 02 33.8 1. 90 
Air 30.6 1.48 
Vac 20.0 1.08 
325 co2 22.1 1.02 
2 88 14.4 0.48 
225 02 18.8 0.86 
Air 18.0 0.73 
Vac 14.7 0.68 
325 02 24.1 1.16 
Ai.r 22.5 1.04 
Vnc 15.6 0.94 
400 02 30.5 1.66 
Air 27.4 1.22 
Vac 18.5 1.01 
32.5 N2 17.5 0.7i 
co2 17.5 0.64 
15 
(Table 4. Cont.) 
Original Temp O;ri.ginal Treated 
A.G. Penetration (OF) Medium As ph alt en es % 02 Asphaltenes % 02 
9 90 19.1 0.73 
225 02 20.8 0. 77 
Air 19.3 0.69 
Vac 19.5 0.70 
325 02 25.9 1.00 
Air 23.4 0.81 
Vac 20.2 0.75 
400 02 35.2 1.40 
Air 27.6 0.95 
Vac 19.8 0.85 
325 N2 21.3 0.86 
co2 21.3 0.80 
10 90 12.9 0.63 --
150 02 13.3 0.62 
Air 12.8 0.63 
Vac 12.9 0.68 
225 02 14.8 1.01 
Air 13. 7 0.74 
Vac 13.0 0.75 
325 02 25.0 1.19 
Air 16 .8 1.05 
Vac 13 .3 0~91 
16 
(Table 4. Cont.) 
Original Temp Original Treated 
A.C. Penetration (OF) Medium A::phaltenes % 02 Asphaltenes % 02 
400 02. 26.2 1.10 
Air 24.6 1.10 
Vac 13.8 0.91 
325 N2 14.5 1.00 
co2 14.2 1.09 
11 134 15.3 0.64 
150 02 16.0 0.93 
Air 15.7 0.87 
Vac 15.2 o. 77 
225 02 17.6 1.13 
Air 16.4 0.82 
Vac 16.2 0.75 
325 02 23.2 1.48 
Air 20.6 0.86 
Vac 16.5 0.85 
400 02 24.0 0.82 
Air 27.1 1.22 
Vac 17.6 0.83 
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euardening and rate of hardening increase with increasing temperature. 
However, the hardening due to temperature alone as shown for 
samples heated in vacuum is not pronounced even under relatively 
severe TFOT conditions, especially at lower temperatures. In most 
cases heating in a vacuum at 400 °F causes hardening only roughly 
equivalent to heating in oxygen at 225 °F. Relatio~ between volatility 
and hardening will be discussed later in the report. 
ewhen heating asphalts in the presence of air or oxygen, the effects 
of temperature on hardening are drastically compounded due to 
oxidation (A and 0 curves). This demonstrates the profound oxidation 
[11ctor in the hardening of asphalt. 
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e A marked increase in hardening during TFOT (A curves) as indicated 
by viscosity and penetration changes occurs from 250 °F upwards. 
Some asphalts, e.g. Asphalts 1 and 11, the rate of hardening 
decreased somewhat after 350°F when heated in presence of oxygen. 
This suggests: (a) Reaction of different asphalts to heat in 
presence of oxygen may vary considerably, and (b) The behavior of 
asphalt in the presence of oxygen and the mechanisms of hardening 
below and above 350°F may differ. 
The influence of oxygen on the effect of temperature on hardening 
during TFOT is furtherdemonstrated by Figs. 4 and 5. Figure 4 is a 
plot of penetration change against log partial pressure of oxygen 
in the oven at various temperatures for Asphalts 9 and 10. Figure 5 
shows the effect of oxygen on viscosity change at various temperatures 
for Asphalts 1, 2, 7, and 10. At least two facts are clearly indicated 
by these curves: (a) The effect of oxygen is more pronounced at high 
temperaturesthan at low temperatures, and (b) The effect of oxygen 
in asphalt hardening is more obvious at low oxygen partial pressures 
than at high oxygen partial pressures. The influence of oxygen on the 
asphaltene formation is shown in Fig. 6. This again demonstrates that 
the asph::iltenc increase in asphalt during TFOT is a function of oxygen 
partial pressure as well as temperature. 
The effect of temperature on the chemical properties of asphalts 
during TFOT is indicated by an increase in asphaltene and percent oxygen 
in the residue. The relations between the asphaltene change and temperature 
of heating is shown in Fig. 7. The relation between the oxygen content 
of treated asphalt and heating temperature is shown in Fig. 8. The 
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contributions of both. oxygen and temperature in bringing about changes 
in asphalt during TFOT was again very evident. 
No.9-400"F 
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Fig, 5, Log viscosity vs oxygen partial pressure. 
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Effects of Film Thickness 
The major difference between the standard Loss on Heating Test 
(LOH) and the Thin Film Oven Test (TFOT) is the film thickness. Film 
thickness has been recognized as one of the most important factors in 
influencing asphalt hardening not only in oven heating tests, various 
microfilm durability tests.of asphalt, but also in the field application 
of asphalt. 
Film thickness as a factor was studied on Asphalts 9, 10, and 11. 
Asphalts in films from 1/64 in. (0.4 mm) to 1-~ in. (38.5 rmn) were 
heated in standard oven at 325 °F for 5 hours. Metal containers with 
surface area of 23.8 sq cm (3 oz cans) to 153.9 sq cm (TFOT pans) were 
used. Changes in asphalt after heating in various film thicknesses 
were determined by sliding plate microviscometer, R&B softening point 
29 
test, and percent asphaltene The film thickness, exposed surface 
area of sample, volume of asphalt used, specific surface and resulted 
-2 -1 
viscosity at 77 °F (rate of shear of 5 X 10 ·sec ), softening point, 
and percent asphaltenes for the asphalts studied are given in Tables 
5,. 6, and 7. Relations between film thickness and viscosity of the 
residue is shown in Fig. 9. Effects of film thickness on softening 
point of residue is shown in Fig. 10. Asphaltene content change due 
to change in film thickness in TFOT is shown in Fig. 11. For comparison 
the plot of softening point versu~ log specific surface is given in 
Fig. 12. The following conclusions have been made: 
eHardening and chemical change in.asphalt during TFOT is a function 
of film thickness. 
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Table 5. Effects of film A.G • No. 9 
--~··· _______________ ..,. ' .. thickne!')s, 
Fllm Sur:- face• 
·nd cklll'SS cirea Volume 
{.in.) (mm) (cm2) (cmJ) 
l~ :.18. I 38.5 146.6 
25. I~ 38.5 97.8 
lJ/16 2 t. I. 23.8 50,0 
3/4 1 9 .1 .38. 5 73.3 
1/2 12.7 38.5 48.9 
1/4 6.4 ·rn. 5 24.4 
1/4 h.4 153.9 97 .8 
3/16 li, 8 38.5 18.4 
3/16 4.8 153.9 73.4 
1/8 3.2 38. 5 12.2 
1/8 3.2 153.9 50.0 
1/16 I .. 6 J 53. 9 24.4 
1/32 O.B l53.9 12.2 
.... __ _]_/.?.~. 0 .14 153.9 6.1 
Spc•cJ.rlc VI scosit.y 
sur t: nn' 77 OF 
(cm 2 / g) (pol.ses) 
0.26 2.35 x 106 
0.39 2. 50 x 106 
0.48 2.70 x 106 
O.SJ 2.55 x 106 
o. 79 2.85 x 106 
1. 58 3.00 x 106 
L. '.i8 3.20 x 106 
2.10 3.65 x 106 
2.10 3 .90 x 106 
3.15 5.40 x 106 
J.15 5.10 x 106 
6 .. H l. 73 x 107 
1.2 .62 4.00 x 107 
25.2!1 2.50 x 108 
Softenlng 
poi.nt 
(OF) 
115. 5 
121.0 
118 . .5 
119. 5 
119.5 
123.0 
122.5 
132. 5 
AHpln 1. tc,nf's' 
('7.,) 
19.0 
L 9. I 
19.1 
19. :J 
20.0 
23.2 
28.0 
30. 6 ___ ~ -···· 
•No appreciable change took pla"i::-e in the asphalt during 5 hours at 
325 OF in films of more than about 1/ 4 in. thicknesses indicated 
by all properties determined. However, asphalts in films less 
than 1/4 in. to 1/8 in., significant changes occurred both in 
consistency as measured by absolute viscosity and softening point, 
and in chemical changes as indicated by the increase in percent 
11sphaltcncs. 
ern both log viscosity .vs log film thickness (Fig. 13) and asphaltene 
vs log film thickness, Fig •. 14, plots, there appear to be a critical 
or transitional film thickness. Below and above these points there 
is a linear relation between log viscosity and log film thickness, 
and percent asphaltene and log film thickness over the range studied. 
' Fl Im 
ThielmeHs 
(Jn.) 
I~ 
11/ I 6 
'.1/4 
1/2 
I /t, 
1/11 
'J/16 
]/J () 
l/8 
l/8 
1/16 
t I 32 
.l/6l1 
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Table 6. Effects of film thickness, A.C. No. 10. 
Sur [ace 
m:y1 Vo lum•c 
(mm) (cm ) (cm3 ) 
38. l 38.5 lli(,. 6 
2 5 ·'' 38. 5 97.8 
21. I 23.8 'iO .0 
l'l. I 38. 5 "/:I.] 
12. 7 18.5 118. 9 
6.4 JB, 'i '.1-l1 .11 
r,.11 l';:J.'J 97.8 
11.8 1fl. '.i LB .11 
11. 8 I ,,·1. 9 73.'1 
'J. 2 )fl. 'j 12.2 
J.2 153.9 50.0 
1. 6 153.9 2'1 .11 
0.8 153. 9 12.2 
0.4 153.9 6.1 
Sp"ci.[ic 
surface 
(cm2 /g) 
0.26 
0. 'J9 
0 .l1R 
0.'i:I 
0. /9 
I. ~fl 
l. SH 
2..10 
2 .10 
:1. 15 
'l. I.'> 
6.31 
12 .62 
2.5.24 
Viscosity 
77 OF 
(poi.ses) 
I .85 x 106 
2 .l10 x 10 6 
2. ')) x 106 
2. ')0 x 10(• 
2. '.iO )( 106 
.'.l.''10 )( 106 
2..80 x 106 
11. 'iO )( 106 
1, .l10 x 10 6 
5.70 x I 06 
5. JO x 106 
1. 55 x 107 
3.15 x 107 
5.70 x 10 7 
So ftcning 
point 
(OF) 
1J6.0 
I 22. 5 
125 .o 
127.5 
128.0 
136.0 
153 .o 
A'lphaltencs 
(%) 
13.0 
l 3 .1 
l J .11 
I 3. 3 
l 3 .l1 
I I; .o 
l '). 6 
16.6 
15. t. 
18. 6 
16.l 
19. I 
22.6 
26.0 I ,, 
~ The change in slope of the straight lines could indicate change in the 
mechanisms causing hardening and increase in asphaltene content. It is 
suggested that in asphalt films thicker than the "transitional thickness" 
volatilization and heat are major effects, while in films thinner than 
the "transitional thickness" oxidation and heat assume more significant 
importance . 
Note that the straight line portions of Asphalt 9 intersect at a 
film thickness of 4 mm on both viscosity-film thickness and asphaltene 
content-film thickness plots; for Asphalt 10 these points occurred at 
7 mm and at 5 mm, while for Asphalt 11 they were 7 nun and 4 mm. It is 
30 interesting to note 'that, according to Blokker and Van Hoorn , hardening 
of asphalt due to oxidation in the dark may occur down to depths of 3 mm 
or more by measurement of the rate of oxygen absorption and to depths 
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Table 7. Effects of film thickness A.C. No. 11 
I --· -- - --- --- . -··. -·· - - - . 
(If Jm Sllrf:icc Spl·c I fl.c v l.ll cos l. ty Sof teninp, 
·n1icknr•rrn nrc•q Volu1J'c :'lllr2aec 77 OJI po int Aspha l t(•twH 
(in•) (nm) (cm·) (l:m ) (cm /g) (poises) (OF) ('7.) 
25.4 38.5 97.8 0.39 5.30 x 10 5 1.08. 5 16.2 
11/16 21 .1. 23.8 50.0 0 .l.18 6.20 x 105 16.5 
J/1+ L 9. L 38. 5 73.3 0 .53 7.80 x 1.05 16.9 
1/2 12. 7 38.5 1+8. 9 0.79 8.20 x 105 17 .2 
1/4 6.4 38.5 2Li.4 1.58 1..00 x io6 112.5 18.0 
l/4 6.4 153.9 97.8 1. 58 8.70 x 105 112.0 ·17.5 
I 1/ 16 4.8 38.5 18.4 2.10 1.26 x 106 114.0 17.9 
3/16 4.8 113. 9 73.4 2.lO 1.06 x 106 113.5 18.l 
l/8 3.2 38. 5 12.2 3.15 2.23 x l06 116.0 19.4 
L/8 3.2 153.9 50.0 3.15 2.15 0 106 116.0 18.9 
1/16 t. 6 153.9 21+ .4 6.31 3.45 x 106 2l.4 
I /32 0.8 153.9 12.2 12.62 9.80 x 106 138.5 23 ,Lf 
... 1YQ1+ 0 .I+ 153.9 6.1 25 .2Lf 2.20 x lO 7 26.l 
·-.------.. 
depths of about 5 mm by theoretical calculation on the depth of oxygen 
penetration. 
esince slopes of the straight line portions of the viscosity-film 
thickness plots for various asphalts are not necessarily the same 
(possibly due to the differences in the reactivity of asphalts 
towards oxygen and in the volatiles available in the asphalt) and 
since the consistency change is not a linear function of film 
thickness throughout the entire range of film thickness, it is 
not difficult to understand the poor correlation between hardening 
during LOH and TFOT. 
eThe effects of the sample volume on TFOT results were studied by 
heating asphalts in 1/8-in. film at 325 °F for 5 hours in volumes 
of 7.6 ml to 51.8 ml. The viscosity of residues was determined 
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Fig·. 9. Viscosity vs film thickness, TFOT. 
at 77 °F. Results on two asphalts are given in Table 8. It was 
concluded that, within the range studied, the volume of sample has 
no effect on TFOT results as long as other conditions remain 
constant. Data on 1/4 in. and 3/16 in. films on all three asphalts 
also support this conclusion. 
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Table 8. Effects of volume on TFOT. 
Film 
thickness Volume of Viscosity at 77 OF 
A.C. (in~) sample (ml) (megapoises) 
10 1/8 7,6 5.85 
1/8 8.l 6.60 
1/8 l2o2 5.70 
1/8 12.3 6.30 
1/8 25.0 6.60 
1/8 26.0 6.05 
1/8 ·so .o 6.15 
1/8 51.8 6.30 
11 1/8 8.1 2.25 
1/8 12.2 2.23 
1/8 25.0 2.20 
1/8 50.0 2.15 
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Effects of Heating llm~ 
The effect of heating time on the TFOT (1/8-in. film, 325 °F) was 
31 
studied by Lewis and Welborn , on sixteen 50-60 pen. asphalts up to 
10 hours. To obtain more definite information concerning the behavior 
of 85-100 pen. and 120-150 pen. asphalts in the TFOT with respect to 
time and in terms of absolute viscosity and chemical changes, Asphalts 
9, 10, and 11 were hea_ted at 325 °F in 1/8-in. films for periods up to 
25 hours •.. Penetration, softening point, absoltite viscosity at 77 °F, 
and percent asphaltene were determined on residues after various periods 
of heating. Results of the tests are given in Table 9. The effect 
of heating time on penetration is shown in Fig. 13. Also shown in Fig. 
13 is the plot of percent penetration loss with time. Figure.15 shows 
the increase in viscosity with time for all three asphalts. Hardening 
takes place at decreasing rate with time of heating. When hardening is 
evaluated in terms of penetration ratio, a linear relationship was found 
between penetration ratio and time of heating, Fig. 14. A straight 
line relationship was also found between softening point of the residue 
and the time of heating, as shown in Fig. 16. The TFOT is relatively 
insensitive to variation in time of heating at 5 hours. A variation 
of 15 minutes would vary the penetration on TFOT residue by less than 
2 percent. The increase in asphaltene content in asphalt with time of 
heating was expected a.nd i.s shown in Fig. 17. 
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Effects of Heating Medium .. 
When the oven heating te·st for asphalt was first developed, the 
major concern was the weight loss during the test. The purpose of the 
test was obviously the evaluation of the volatility of asphalt and thus 
was named by many as the Volatilization Test and by the ASTM as the Loss 
on Heating Test. 
While it seems to be the concensus of opinion that the TFOT is an 
evaluation of the combined effects of volatilization, oxidation, and heat 
on asphalt, the nature or the relative importance of each factor in the 
test has not been agreed and clearly defined. 
To evaluate the relative effects of volatility, oxidation, and heat 
on the TFOT, asphalts were exposed to 27-in. vacuum, air, oxygen, 
nitrogen, and carbon dioxide for 5 hours in 1/8-in. films at 325 °F. 
Penetration, softening point, viscosity at 77 °F, and percent asphaltenes 
were determined on the residues. Rc~sults on these tests are presented 
in Table 10. Percent loss in penetration during heating at 325 °F in 
1/8-in. films in various atmospheres are shown graphically in Fig. 18. 
The following can be noted: 
eoxygen is the most important element causing hardening during the 
TFOT. When the availability of oxygen decreased from heating in 
oxygen to heating in vacuum, hardening ·also decreased. 
•Nonoxidative hardening exists during the TFOT since hardening occurs 
when asphalt is heated in absence or limited amount of oxygen. 
•comparing the average penetration loss of 40 percent when asphalt 
was heated in air and the 15 percent loss in vacuum, it can be 
JB 
Table 10. Effects of heating medium in TFOT, 325°F, 5 hours, 1/8-in. film. 
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i\.t:. N11. M1•d i 11111 I Oil/ 'i/, .: p(l i 111 ("I') (1111'!'.'l\1<ii Sl'S) Afq1li;1 \ t ('111.'S 
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Fig. 18. Effect of healing medium in penetration loss. 
c·oncluded that, at 325 °F, only about 40 percent of hardening in. 
terms of penetration loss can be attributed to heat (polymerization) 
and volatilization, the rest being due to essentially oxidation. 
eThe minor role volatility plays in the TFOT hardening can be ob-
served from the facts that: (a) The weight loss in asphalt heated 
in vacuum was greater than weight loss in asphalt heated 
40 
in either air or oxygen, however, asphalt hardened much less 
when heated in vacuum; and (b) when asphalt was heated in absence 
of oxygen, hardening occurred where little or no weight loss due 
to volatilization was observed. 
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Thin Film Oven Test vs Volatility of Asphalt 
Many factors contribute to changes in asphalt during handling and 
under service conditions. 
31 . 
Traxler suggested 15 of them. The more 
important ones include oxidation, volatilization, polymerization, and 
age hardening. When considering or evaluating these factors in relation 
to asphalt quality or durability it should be remembered that: (a) 
Some factors are more important in influencing asphalt durability in one 
phase of asphalt use than in others, (b) One or more of the factors 
may function simultaneously, and (c) Almost all the effects are affected 
by time and heat. 
Volatilization can be defined here as the evaporation of volatiles 
or lighter constituents from asphalt. Exposed surface area, temperature, 
pressure, and heating time can all have effects on the process. The 
degree and rate of volatilization of any asphalt depends upon the 
composition of asphalt, the nature and quantity of its volatiles, and to 
a certain extent on its source and refining procedure. 
Volatile evaporation from asphalt cements produced by a modern 
refining process at road service temperatures is unlikely or not in 
the order of any significance. However, when hot asphalt is mixed 
with hot aggregate and spread in thin films, as in the mixing process 
of an asphaltic concrete, the conditions are very favorable to loss 
f 1 'l M . . . 32 - 34 b l' h d . . . o · vo ati es. any investigators e ieve t at uring mixing 
process volatilization is one of the major causes for hardening of 
asplrnl t. Hardening of asphalt due to evaporation of volatiles has 
been included in the study of durability of paving asphalts. 
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Qualitative detection of existence of volatiles in asphalt can be 
determined by the Flash and Fire Point Test. To assess quantitatively 
how much hardening during hot mixing of asphalt is due exclusively to 
volatilization, or the relative importance of volatilization in asphalt 
hardening is difficult, if not impossible. This is due to the closely 
associated mechanisms of volatilization, oxidation, and polymerization. 
One way to evaluate the hardening of asphalt due to volatilization is 
by heating asphalt in inert atmosphere. In this approach while oxidation 
is eliminated still only a portion of the asphalt hardening may be 
attributed to the loss of volatiles since heat is involved. Another 
approach to the problem has been various forms of oven heating or volatilization 
tests, especially Loss on Heating (LOH) and Thin Film Oven Test (TFOT), 
There are many questions in relation to the value and interpretation 
of LOH and TFOT results and volatility of asphalt" Among these more 
basic ones are: 
enoes weight loss correspond to hardening or viscosity change? 
•noes LOH or TFOT weight loss reflect total amount of volatiles? 
ewhat are the relationships between standard LOH test and TFOT? 
eWhat are the mechanisms of weight change during oven tests? 
eWhat are the effects of temperature and oxidation on weight 
loss during oven tests? 
In attempting to answer some of these questions, 10 asp_hal t 
cements were studied, ranging from 50-60 to 200-300 pen grades. Weight 
losses, penetration, viscosity at 77 °F, softening point, and asphaltene 
content were determined both on standard LOH tests and on TFOT. In 
addition, weight change histories of all asphalts both under LOH 
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(13/16-in. film, 325 °F) and TFOT (l/8-$n. film, 325 °F) conditions 
were recorded until up to 480·hours or until a definite weight gain 
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was obtained. Also weight 
and consistency changes during 
TFOT in air, in oxygen, in 
27-in. mercury vacuum and 
in nitrogen (or carbon 
dioxide) at temperatures of 
150, 225, 325, and 400 °F 
were determined. Weight 
change and percent hardening 
of the 10 asphalts during 
standard LOH tests are tabulated 
in Table 11. The same in-
formation on TFO tests is 
shown in Table 12. Weight 
change histories of asphalts 
during TFOT and LOH were 
plotted graphically against 
time in Fig. 19 and Fig. 20, 
respectively. 
J 
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Table 11. Weight change vs consistency change during LOH tests. 
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Hours Weight 
Original Maximum at change Vlscosity 
Original viscosity weight maximum during Penl.!tration Percent Percent Tl'OT, P1..~rcent 
penetration at 77 °F Loss weight TFOT TFOT retained hardQning megapoises hardening 
Asphalt (Po) (megapoises) (mg) Loss (7,) Pt Pt/Po Po/Pl (Nt) Nt/No 
A 59 J.60 0 -+{) .08 36 6l L64 l L .o 306 
B 75 2. so 2 +<l.09 48 64 160 5.45 218 
88 2.10 140a 28'1 -0.08 50 57 176 7.50 3 57 
88 L.90 l 3 -0.02 55 63 160 4. 90 2 58 
90 l. 25 8 4 -0.00 56 62 L6 l '). 10 248 
9 90 2.10 2 2 -+{). 03 55 61. LM 5. LO 243 
10 90 J. 70 LO +o. l4 55 6l 164 6. 15 'J6 l 
c 112 I) .i:W 10 ·O.lll 65 SR l 72 2,75 V+:+ 
11 1v. I). 5 J H), \.U 79 59 1.70 2. l 5 4 Lu 
" 
lJA I). L6 22 0.1Jl1 l Jl ;' l8l I). 5'.i J J1' 
·' ·,u)p1wJ ,,t 28 hour$, 
Tabl.e 12. Weight change vs consistency change during TFOT. 
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Weight Loss During Oven Tests 
From Figs. 19 and 20, it is seon that, under both Loss on Heating 
(LOH) and Thin Film Oven (TFO) tests conditions, the majority of asphalts 
studied showed initial weight loss and, after continued heating in the 
oven at 325 °F, showed weight gain. Most of the asphalts eventually 
showed net weight gain. The time when weight gain occurs varied for 
different asphalts, depending mainly on the difference in amount and 
nature of volatiles in asphalt. ·It is noted that this generally occurred 
earlier in TFO tests than in LOH tests, because of the thinner film, more 
available surface area and thus more favorable conditions for weight 
gain through oxidation. For TFO tests, the points of inflection occurred 
between 4 to 8 hours and for the LOH tests, 5 to 20 hours. Asphalt 1 
showed continuous weight loss during the TFOT beyond 28 hours. Asphalts 
10, C and D showed net weight loss up to 480 hours during the LOH test. 
Based upon the preceding observation a hypothesis on weight change 
during the LOH and TFO tests is proposed and is represented graphically 
in Fig. 21. It is suggested that, during the oven test at 325 °F, two 
major factors (opposing each other) contribute to weight changes of 
asphalt. Oxidation constitutes weight gain and is shown by line OG. 
The rate of weight gain is influenced essentially by oxidation susceptibility 
or reactivity (or chemical makeup) of asphalt, coefficient of diffusion 
of asphalt, and available surface area. Loss of volatiles results in 
weight loss and is shown by line OLO'. Weight loss continues until 
time O', when all available volatiles (at prevailing temperature and 
pressure) arc evaporated. The rate of weight loss depends upon the 
n1:1ture rmd amount of volatiles. The net weight change at any time during 
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Fig. 21. Hypothetical weight change with time during oven heating tests. 
an oven test is therefore the difference between the two factors and is 
represented by OL'O"G' in lower diagram of Fig. 21-a. Eight of the ten 
asphalts studied during TFO tests and seven of the asphalts during TFO 
tests and seven of the asphalts during LOH tests followed this pattern. 
Some asphalts, especially lower penetration asphalt cements such 
as Asphalt A, have a weight gain larger than weight loss due presumably 
to more oxygen up-take or small amount of volatiles. Then there will 
be net weight at all heating times, shown in Fig. 21-b. On the other 
hand, for some asphalts with mere 325 °F volatiles as compared with 
weight gain due to oxidation, u weight gain will be observed for some 
time during the oven heating tests. This is indicated by Fig. 21-c. 
! 
i 
1 
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Weight Change During LOH and TFOT 
From Figs. 19 and 20 and from the suggested mechanism of weight 
change during oven heating tests, the following conclusions 
have been drawrt with respect to weight change during LOH and TFO tests: 
OReferring to Fig. 21-a, it is obvious that during either LOH or TFO 
tc\st, if point O" (change from net weight loss to net weight gain) occurs 
wi.thin 5 hours, a weight: ga:l.n wi.11. be noted, nnd 1 f O" occurs after 5 
hours, a weight loss will be noted. Since asphalts can behave either 
way, a definite weight loss during ci ther LOH or TFO test is not to be 
expected. 
eMaximum weight loss does not necessarily occur at 5 hours heating 
as in the case of LOH and TFOT, and weight change versus time is not 
linear. However, if there is a weight loss indicated in LOH or TFOT, 
this loss does reflect the potential volatility or maximum weight loss 
can be expected for this asphalt at this temperature. This is illustrated 
in Table 13. 
eThere is no simple relationship between weight loss in LOH and weight 
loss in TFOT. If any relationship exists it is only in broad and qualita-
tive terms. 
Weight Loss and Hardening During Oven Tests 
Opinion differs among asphalt paving technologists on the significance 
of weight loss and its rel11t:lonship to hardening during either LOH or 
49 
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Table 13. Rank of asphalts according to weight loss and hardening 
during the LOH and TFOT. 
Thin Film Oven Test ~TFOT) 
Loss on Heating ~LOH2 J?ercent 
Percent weight 
Mnximum weight Maximum loss 
weight loss Hardening weight (gain) Hnr<lening 
loss 5 hours penetration viscosity loss 5 hours penetration viscosity 
11 11 2 2 2 7 (9) B B 
A A 10 A A c (A) 2 9 
B B 7 9 9 2 (B) 7 7 
9 9 B 11 11 D (11) 10 2 
7 7 1 B B 1 (10) A A 
10 2 D 1 1 9 D 
D 10 A D D 11 c 
2 c 11 10 10 c 1 
c D 9 7 7 1 10 
1 1 c G c D 11 
TFOT. One line of thought is that increase in hardening is roughly in 
direct proportion to the volatility, as measured by the increase in loss 
for LOH or TFOT. Other technologists find no relation between weight 
loss and hardening during heating. 
For comparison, the 10 asphalts studied are listed in Table 13 in 
order of incr<~asing maximum loss, weight loss (or gain) at 5 hours, 
hardening by retained penetration, and hardening by viscosity ratio, 
for both LOH and TFOT. The following observation can be made: 
____ _J 
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eNo exact correlation between weight loss and the hardening during 
LOH or during TFOT. However, when the weight change is excessive, either 
loss or gain, it could indicate a high degree of hardening. 
•Relationships between hardening during LOH artd during TFOT are 
plotted in Figs. 22 and 23. The degree of hardening during LOH does 
not necessarily reflect hardening during TFOT. The correlation coefficient 
is 0.3742 for hardening measured by penetration, and 0.2233 for hardening 
measured by viscosity ratio. 
8The relationship between hardening as measured by retained penetration 
and by viscosity ratio is shown in Fig. 24. Hardening during the 
TFOT showed better correlation than that during the LOH. 
Since hardening during oven heating tests is resulted from a 
combination of mechanisms including oxidation, loss of volatiles and 
polymerization, and only loss of volatiles contributes to weight loss, 
it is reasonable not to expect a simple relationship between weight 
loss and hardening under normal LOH or TFOT tests. 
To eliminate to some degree the weight gain factor due to oxidation, · 
asphalts were heated in a vacuum of 27-in. mercury under TFOT conditions 
(1/8-in. film, 5 hours) at temperatures from 150 °F to 400 °F. Weight 
loss and viscosity of residue at 77 °F were determined and are shown in 
Table 14. The percent weight loss appears to be related to a viscosity 
change when oxidation is eliminated. The same relationship was noted 
between penetration and weight loss during the TFOT in vacuum. Even 
under this condition, it is doubtful that the hardening observed is 
due entirely to volatilization, because temperature is involved. 
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The Effect of Temperature on Weight Loss 
The effects of temperature on weight loss during TFOT were i.nvestigated 
by heating asphalts in 1/8-in. films for. 5 hours at temperatures from 
1S0°°F to 400 °F and in oxygen, air, and a vacuum. Percent weight loss 
of six asphalts at various temperatures is tabulated in Table 14 and is 
plotted in Fig. 25. The following observations are made: 
.'.i2 
Table 11+. Percent weight change vs t(~mpcraturc and medium during TFOT. 
A.C. Medium 150 °F 225°F 325 °F 400 °F 
1 02 +o.01 +o.10 -0.12 -1.40 
Air -0.005 -0.08 -1.60 
Vac -0.08 -0.80 -1.60 
NZ -1.06 
z 02 +o.14 +o.32 -'O .37 
Air +0.07 -0.03 -0.13 
Vac + 0 -0.04 -0.19 -0.48 
N2 -0.06 
co2 -0.13 
7 oz + 0 +o.10 +o.20 -0.56 
Air +o.03 +o.o5 + 0 -0.48 
Vac +o.004 -0.05 -0.12 -0.76 
N2 +o.04 
9 02 +o.04 +o.14 +o.30 -0.76 
Air +o.01 +o.02 +o.03 -2.03 
Vac -0.004 -0.05 -0.32 -1.30 
NZ -0 .10 
co2 -0.06 
10 02 + 0 +o.10 +o.30 -0.20 
Air +o.003 +o.06 +o.14 . -0 .25 
Vac + 0 -0.18 -0.30 -0.46 
NZ -0.03 
coz -0.14 
11 02 +o.08 +o.18 +o.30 -0. 80 ' 
Air +o.oz +o.08 +o.10 +o.26 
Vac + 0 -0.04 -0.14 -0.28 
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e The effects of temperature alone on the weight loss is that 
the increased temperature will increase the rate and degree of evaporation 
and thus weight loss during TFOT. 
e However, if oxygen is available and oxidation occurs at the 
same time, as in the case of heating in air and in oxygen, the weight 
change is ho longer a simple function of temperature and will depend on 
the relative weight change due to oxidation and to evaporation at 
various temperatures. All the asphalts studied showed _a weight gain up 
to 325 °F. The weight gain caused by oxidation is about a linear function 
of ternpernture up 325 °F. At L~OO °F (204 °c) all asphalts heated in 
oxygen showed a loss in weight, indicating a change in mechanism. The 
net loss in weight at .400 °F seems to be in line with Pfeiffer's 
postulation that at high temperatures the oxidation reaction results 
in formation of water instead of combining of oxygen in the bitumen35 • 
The loss in weight at this temperature could then be partially interpreted 
as the formation of water throu~h dehydrogenation and loss of v;rater due 
to evaporation. 
General Conclusions on We.ight Lpss During Oven Heating Tests 
The following conclusions have been made concerning the weight 
change during LOH and TFOT: 
~Observed weight loss during LOH and TFOT is the result of a combina-
tion of several mechanisms and cannot be expected for all asphalts. 
8Weight loss during LOH and TFOTcan be related to volatility of 
asphalt only in very general tenns and is significant only when it is 
substantial. 
~Weight loss during LOH and TFOT does not relate to hardening due 
to volatility in simple form. 
flNo relationship was found between weight losses during LOH and 
during TFOT. 
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:Hardening Duri~g TFOT . 
All asphalts harden in the presence of heat and oxygen, as in the 
case of the TFOT. The degree of hardening in asphalt during the TFOT 
approaches that occurring during hot mixing. The hardening and chemical 
changes during the TFOT for the 85-100 pen. asphalts studied are shown 
in Table 15 and summarized as follows: 
e Asphalts harden. during TFOT at different +ates and degrees as 
indicated by reduction in penetration, increase in softening point and 
viscosity at all temperatures. 
e Chemical changes during .TFOT are indicated by increases in asphaltene 
and percent oxygen as well as an increase of percent oxygen in asphaltene. 
e Hardening during the TFOT is accompanieq by a decrease in complex 
flow "C" or deviation from Newtonian characteristics of the asphalt. 
• HardG!ning during the TFOT is accompanied by an increase in shear 
index or shear susceptibili~y. 
~Hardening during TFOT is accompanied by reduction in Kinrtaird's 
"characterizing factor·," indicating existence of non-oxidative hardening 
during the test. However, oxidation is considered the predominant 
factor (see the discussion on. volatility and effect of heating medium 
during TFOT). 
9 The temperature susceptibility of asphalt during TFOT remains 
unchanged. 
8 SJ.nee it is the properties of asphalt in the finished pavement 
that dictate the performance of the pavement and since the TFOT has 
been able to duplicate changes in asphalt after mixing and laying, 
the properties of the TFOT residue should be of prime concern not only 
in specifying asphalts but also in durability study of asphalt. 
Table 15. Changes in 85-100 pen asphalts during the TFOT. 
77 Of 140 °F 
Viscosity 
Softening 
A.C. 
P::i.ctratioP-
77iiV0/5 point (°F) C.F.a (megapoises) (poises) 
Log temp. 
coef. of 
viscosityb 
Complex 
flow "c"c 
at 77 ord 
1-0 88 116.5 22 2.10 1510 11.29 0.901 
1-R 50 130.5 19 7 .50 5320 11.29 0.510 
2-0 88 i16 .5 22 1.90 1740 11.43 0.781 
2-R 55 126.5 18 4.90 2940 11.43 0.554 
7-0 90 112 .5 19 1.25 1330 12.86 0.966 
7-R 56 126.5 .16 3.10 2970 12 ,86 0.933 
9-0 90 116. 5 23 2.10 1550 12 .86 1.000 
9-R 55 12 ~. 5 14 5.10 3060 12 .86 0.900 
10-0 90 118.0 25 1. 70 1860 11.43 1.040 
10-R 55 129.0 20 6.15 4720 11.43 1.000 
0 - Original 
R - Residue from the TFOT • 
. aCharacterizing factor. Kinnaird, R. N., Jr. Proc. AAPT 27:i55 (1958). 
b 
. Temperature susceptibility. ·Slope of the log viscosity vs.log temperature plot. 
_cthe slope of the log rate of shear vs log shearing stress plot. Traxler, R. N. 
p. 53 (1961). 
dThe slope of the log viscosity vs log rate of shear plot. .. Hveem, F. N., Zube, E, 
,eCsanyi, L, H. and Fung, H. P., Proc. AAPT 23:64 (1954)., 
Shear 
index 
at 77 ofi 
0.011 
0.344 
0, 176 
0.404 
0.035 
0.213 
0.052 
0 .176. 
0.105 
0.141 
Asphalt. Its 
and Skog, J. 
Percent 
aspha.ltenese 
15.8 
22.8 
14.4 
17. 9 
16.6 
18.7 
19.1 
21.0 
12 .9 
15.9 
Composition 1 
Percent 
oxygen 
oxygen asphal tenes 
0.79 0.99 
LOO 2 .13 
0 ,l..8 L37 
0.72 l. 73 
0.81 1.14 
1.01 1. 59 
0. 73 1.10 
1.10 1.32 
0.63 1.85 
1.13 2.18 
Pro12erties and Us~s~ 
Proc. A.APT 3·1. 271 (1963). 
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Thin Film Oven Test and Ductility 
36 Since its introduction by Dow in 1903, the ductility test has 
been the subject of frequent discussion and remains the most controversial 
. 37-40 test in the specifications for paving asphalts.· Some asphalt technologists 
consider that the ductility test is a measure of cementitiousness or ad-
hesiveness, elasticity, mobility, cohesiveness or tensile strength of 
asphalt and that these properties are essential qualities of asphalts. 
Others 41 - 43 £-eel h t th t t t 1 t t t d d t t" d" · t a e es , a eas a s an ar es ing con itions, 
has little or doubtful. meaniTig or is misleading. 
Many research efforts have been directed toward th~ study of low 
d . 1 . 44- 4 7 h ff f f 1 . d d . l" temperature ucti ity , t e e -ects o rate o e ongation an ~cti ity-
d · 1 · . 1 . h" 48 temperature or ucti ity-penetration re ations ip • Findings from 
these studies can be summarized as: 
e There is an optimum temperature or penetration at which each asphalt 
has a maximum ductility and 
eLow temperature ductility has mqre significance than ductility 
measured at 77 °F. 
Data on correlation between standard ductility (77 °F, 5 cm per 
minute pull) of asphalt and its field performance have been lacking. 
From the limited studies conducted over the years .the following are 
•nuetllity, cspccinlly tested at low temperatures, can be related 
. 49 50 to puvemL~n t cracking ' and 
8Ducti.lity of an asphalt after it is incorporated into the pavement 
is of prime importance in determining the quality of a bituminous structure51 • 
_J 
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Therefore, it appears that the ductility of residue from TFOT is more 
important than that of the original asphalt. 
Halstead52 did an extensive study on the relationship between 
pavement performance and ductility-penetration relations. There proved 
to be a critical ductility-penetration cur~e for asphalts below w~ich 
low ductility would be a potential cause of poor service. Above this 
cause ductility would not be a significant factor affecting pavement 
durapility. The loss in ductility during the TFOT could also be considered 
to represent the minimum change expected in service. It.is noted that 
the limiting values of ductility for the TFOT residues contained in 
most asphalt specifications were derived from th,ese concepts. 
The effects of temperature, atmosphere and heating time in TFOT 
on ductility were studied.on Asphalts 2, 10, and 11. Microductility 
specimens were used so that the differentiation among asphalts is 
possible within the limits of the ductility machine at 77 °F. Tests 
were run at both 60 °F and 77.°F. The effects of temperature and oxygen 
during TFOT on micro-ductility of Asphalts 2 and 10 are given in Table 
16·and plotted in Fig. 26. Data on the effects of heating time are 
presented in Table 17 an~ Fig. 27. 
The general effects of increasing temperature and oxidation in 
reducing ductility is obviOus •. The ability of a low temperature micro 
specimen in differentiating Asphalts 2 and 10 was clearly demonstrated; 
I 
both asphalts have standard ductility at 77 °F of 150 cm+ but Asphalt 
10 gave a microductility at 60 °P of 28 cm while Asphalt 2 had a micro-
ductility at 60 °P of: only 8 cm. Since the effects of heating time 
during TFOT is essentially a continuous hardening of asphalt, shown in Fig. 28, 
. 59 
No. 10 
25 
5 
0 77 150 . 225 4oon 225 325 
. Tempergture - °F 
Fig. 26. Microductility at 60°p vs te.mperatui;e and medium • 
.. · 
it can also be plotted in terms of change of ductility with respect 
to change in penetration due to increase in heating time. B'oth figures 
reveal the fact of maximum ductility. In the case of A,sphalts 2 and 10 
they occur.red at approximately. the same consistency. A reduct ion in 
penetration during TFOT is not. always accompanied by a reduction in 
ductility. ·The data also. suggest the desirability of:· 
eevaluating the ductility property of asphalt in terms of ductility-
penetration relationship, 
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Table 16. Effects of temperat4re and medium on microductility at 
60 °F and 77 °F TfOT 
Microductility, 
A. C. No. Temperature Medium cm 60 °F 77 °F 
2 15.1 (original) 53.l 
225 02 5.1 
Air 6.0 
Vac 13.1 
325 02 1.3 
Air 3.0 25.3 
Vac 5.5 
N2 ·. 3.9 
co2 4.8 
400 02 0.1 
Air l.~ 
Vac 5.1 
10 27.3 (original) 61.8 
150 02 16.5 
Air 25.6 
Vac 28.5 
225 02 4.0 
Air 5.5 
Vac 10.3 
325 02 1.3 
Air 2.5 57.3 
Vac· 5.6 
400 02 o.s 
Air 0.5 
Vac 5o5 
-- -----------------------------. 
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Table 17. Microductility vs heating time, TFOT 
A.C. No. 10 A.C. No·~ 11 
A.C. Microclucti li ty Microductility 
Time Penetration ~cm2. Penetration ~cm2 
(hours) 77/100/5 60 Op 77 °F 60 °F 77 °F 
0 90 27.3 61.8 134. 46.3 56.1 
2 70 10 .3 
3 64 8.3 7 5.0 91 35.5 61.0 
4 59 63.0 
5 55 2.5 57.3 79 21.2 64.8 
7 44.1 
10 44 2.0 19.3 
11 55 7 .0 . 52. 7 
16 40 2.7 33.0 
20 26 1.4 2.6 36 2.0 18.1 
24 0.5 
25 29 1.5 4.9 
8 specifying ductility of residue from TFOT in terms of absolute 
minimum instead of percent original, and 
•testing ductility at low enough temperatures so that interpretation 
of the results can be macle on ductility alone. 
llOWLWCr, it is folt that further research is needed to study: 
(a) the most informative condit:lons of a ductility test, (b) the 
significance of ductility with respect to pavement behavior, (c) the 
relationship between ductility and basic chemical and rheological 
. '!. 
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Applications of the Thin Film Oven Test 
In view of the recognized ability of the TFOT in duplicating the 
changes, especially hardening, in asphalt during hot mixing and the 
recognized importance of the ability of an asphalt to retain its 
original consistency and ductility, the TFOT and the requirements on 
the retained penetration and ductility of an asphalt after TFOT have 
been adopted by majority of specifications for paving asphalts. 
In addition to the use of the paving Jndustry in specifying asphalts 
the TFOT has been used or proposed for use in various phases of asphalt 
research, operation and quality control. 
Nevitt 53 , in his proposed specifications for paving asphalts, 
stressed the importance of residual properties of asphalt and suggested 
a Ten Hour Thin Film Oven Test (1/8 in. film, 325 °F and 10 hours) for 
durability control. 
54 Way et al. correlated the TFOT with the limiting penetration. 
The limiting penetrations were calculated from field data, considering 
the hardening of bitumen in the field is a hyperbolic function of time 
and the penetration at infinite time as the limiting penetration. Figure 
29 is a plot of limiting penetration against penetration of the TFOT 
residue, where the percentage of the original penetration is used for 
both ordinates. 
55 Speer et a~. , in their study of pavement performance using 
simulnted traffJc on a miniature test track, found that pavement 
performance in terms of rut depth could be correlated with the TFOT 
56 
residue viscosity at pavement temperatures. Cowan suggested the use 
of the TFOT residue viscosity to detennine optimum,compacting viscosity. 
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c In evaluating the potential 
0 
+: 
0 of the TFOT as a durability 
... 
.... 
' cu 
&j 
0. 
test for asphalt, Halstead 
' 57 
··-g30 
0 
. and Zenewitz made a com-
·g, parison study of hardening 
·-a 
0 0 
using the sliding plate 
a-e20 · microviscometer betwe~n. the 
.. 
6 
'.t= microfilm test durability test 
0 t 10 (5 microfilm, 225 op and two 
hours) and the TPOT. Their 
"' c: +: 0 
·e 
. results showed greater hardening 
:J 040 50 60 70 
T FO T- % of original penetration 
Fig. 29. Limiting penetration vs thin 
film oven test, after Way et al. 
for the former test for 
· asphalts with aging indices 
greater than two. 
58 Wurstner et al. used 
the TPOT in evaluation of the effectivenss of antioxidants for asphalts. 
The Bituminous Research Laboratory, Iowa State University, uses 
the TPOT as an initial treatment in a durability testo The test in-
volves first treating asphalt under standard T.FOT conditions and then 
in oxygen at 150 °P and at high pr~ssures. A detailed de script ion of the 
developed durability test follows in Part Two of the report. 
r------- -
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Conclusjons 
Major findings from the study of the nature of the Thin Film Oven 
Test, in addition to the established relationships between hardening, 
weight and chemical changes and temperature, time, film thickness 
variables, are: 
eThe Thin Film Oven Test is a measure of resistance of asphalt to 
heat and oxidation. 
eweight loss during the TFOT is not related to hardening in simple 
form. The volatility factor during the TFOT is significant only 
qualitatively. 
eNo relation was found between weight loss during the LOH and TFOT. 
eThe ability of the TFOT in duplicating the changes that occur 
during hot mixing makes it a valuable tool in laboratory durability 
study of paving asphalts. 
A detailed description of the developed durability test follows 
in Part Two of this report. 
-------- -- ---------------------------------. 
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Part 'i'wo 
Development of a· Laboratory Durability Test 
for Asphalts 
Introduction 
All bituminous paving materials undergo changes with time and under 
I . 
the action of heat, weather, and traffic. In general such changes are 
detrimental to their function as binders and water-proofing agents. 
Consequently, the degree of resistance of ,a bituminous binder to these 
changes is usually referred to as its durability. 
Durability of asphalt has been studied by many investigators for 
many years to find: 
eMechanisms or causes of asphalt deterioration. 
eMethods for controlling or preventing undue hardening of asphalts • 
. eTests to predict the behavior of an asphalt during mixing, laying, 
and in pavement service. 
It is generally agreed that the most important single factor causing 
asphalt paving to crack and disintegrate is asphalt hardening. Therefore, 
the degree and rate of asphalt hardening is considered indicative of the 
relative durability of asphalt. Many proposed durability tests center 
around the evaluation of asphalt's resistance to hardening. 
Almost all proposed durabiltty tests involve a study of the following 
two phases: (a) subject asphalt to certain treatments which speed up 
the hardening process, and (b) compare the degree or rate of hardening 
of the treated asphalt with actual hardening that occurred in asphalt 
during mixing process or in the road. Hardening occurring in the mixing 
pr_oc~~ss and in the road is usually determined by recovering the asphalt 
[rom the mix or pavement by the Abson method and comparing the penetration, 
softc~ning point, ductility, viscosity, and chemical compositional properties 
I 
2 
of the recovered asphalt with those of the original asphalt. Major 
differences among various proposed durability tests are the treatments 
or the way the hardening of the asphalts is accelerated. 
A majority of the treatments used to speed up the hardening of 
asphalt in a durability test are heating of asphalt at elevated temperatures, 
either alone (in various. thicknesses of films, temperature and duration) or in a 
. 10-12 
mixture • The more important ones in these groups are the Shattuck 
mixing test, the standard loss on heating test, and the TFOT. 
Many investigators believe that oxidation is a major factor causing 
asphalt hardening. Procedures for evaluating the susceptibility of 
13 
asphalt to oxidation were developed by Thurston and Knowles , Anderso~, 
Stross and Ellings14 , and Ebberts 15 • Van Oort16 studied the durability 
of asphalts and showed by calculation that, under normal aging conditions, 
oxygen diffuses into the asphalt films to a depth of only a few microns. 
. 17 However, experiments by Blokker and Van Hoorn showed that the penetration 
is much greater, on the order of 3 mm or more. 
In recent years, especially after the introduction of the microfilm 
viscometer, many investigators have used so-called microfilm durability 
h · · h' h h lt · d · fi'lms f 1 5 t 15 · 16 •18- 20 tee niques in w ic asp a is age in o on y o microns • 
Hardening is measured by the viscosity ratio or aging index after the 
film is exposed to heat and air. 
Some investigators considered the abrasion resistance of a paving 
mixture a good indicator of the hardening and durability of the binder. 
The shot nbrasion test was developed to measure the change in resistance 
of a compacted sand-asphalt mix to a falling stream of steel shot after 
. 21 22 prolonged exposure in the infrared oven ' • 
3 
Traxler presented 15 effects that may cause changes in the chemical, 
rheological, and adhesion properties of asphalt during handling and 
d . . d" . 23 un er service con itions • The effects listed include oxidation, photo-
oxidation under direct sunlight and under reflected light, volatilization, 
photochemical action of direct and reflected lights, polymerization, age 
hardening, exudation of oils, changes by nuclear energy, action of water, 
adsorption of oils by a solid, adsorption of asphaltic components at.a 
solid surface, catalytic effects at the asphalt-stone interface, and 
microbiological deterioration. He also suggested possible ways of retarding 
the various effects and methods of study on 5 of the 15 effects by 
microfilm techniques. 
In considering the factors that may affect the durability of asphalt, 
it should be noted that: (a) while the quantitative measurement of the 
individual factors in influencing the durability of asphalt is extremely 
complex, if not impossible, it is to be recognized that some .of these 
effects are more important than others in various phases of use of asphalt; 
(b) one or more of the effects may function at the same time; and (c) 
all effects are influenced by time, temperature, and .film thickness. 
The durability of bittnnen·in theory and practice was reviewed by 
17 Blokker and Van Hoorn • An accelerated test procedure for assessing 
the aging characteristics of biturp.ens was investigated. The procedure 
involved treating bitumen in thin films (5 to 200 microns) in oxygen of 
20 atm at 50 °c (122 °F) and measuring relative viscosity. The same 
h d b M . 24 approac was use y artin 25 'l11e British Road Research Laboratory 
has developed a pressure-oxidation test for road tars by exposing tar 
films 7 mm thick to oxygen at 300 psi and 65 °c (149 °F) for 64 hours 
~--·-
4 
and measuring the change in either Fraass brittle point or equiviscous 
temperature (c.v.t.). 
26 In 1963, Hveem ~· reported the results of an extensive study 
on the durability of asphalt by the shot-abrasion test and the microfilm 
viscometer technique. Weathering was achieved by subjecting asphalt-sand 
mixtures to infrared radiation in a weathering machine. A correlation 
study showed that exposure of 1000 hours in their weathering machine 
was .about equal to 5 years of pavement service time for California 
conditions. For routine control testing purposes a new Rolling Thin 
Film Oven Test (film thickness of 5 to 10 microns, exposed in oven at 
325 °F for 75 minutes) was developed to predict change in asphalt during 
the mixing operation. To simulate weathering during service life, 20-
micron films of residue from the Rolling Thin Film Oven Test were weathered 
at 210 Op for a period of 24 hours and Viscosity WaS detennined by 
microviscometer. These conditions prodµced hardening equivalent to that 
of 1000 hours in the weather:i,ng machine at 140 °F or 5 years of service 
life. 
Practical and reliable :Lnformati.o·n can be obtained from a laboratory 
durahiJ ity test only when tl-ie hehavior of the asphalt in the durahi:I ity test 
can he correlated with pavement durahi.l ity i.n the field. Correlations on the 
. 27-34 TFOT are well established • Correlations between field hardening 
of asphalt and laboratory data were studied by Simpson, Griffin, and 
M"l 35 1 36 11 37 d h d h 19 . i es , Trax er , Ga away , an Heit aus an Jo nson on microfilm 
d b ·1· H 1 d d Z . 38 d" d h 1 . b ura i ity tests. a stea an enewitz stu ie t e re ation etween 
the TFOT and the microfilm durability test. Their results showed greater 
hardening for the microfilm test for asphalts with aging indices greater 
than two. 
L_ 
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In spite of the great amount of time· and effort that has been put 
into the study of the durability and du_rability test of asphalt, the 
paving industry still needs a logically-conceived, well~designed, 
universally accepted, and yet relatively simple and ~apid laboratory 
durability test for paving asphalt. This test would enable the design 
engineer to select or specify an asphalt based on quality and to make a 
proper estimate of the service life of a selected asphalt. · 
It is believed that the true value of any laboratory durability 
that should be judged from: (a) How logical or realistic is the 
-acceleration process in the laboratory compared with what actually occurs 
in the field? (b) How well do the tests o~· properties measured indicate 
the actual changes that cause deterioration of asphalt? (c) How good 
is the correlation between laboratory and field data? 
Part Two of this progress report .describes the proposed durability 
test for asphalts, the approach from which the test is developed, the 
tests and procadures involved.· 
The proposed durability test w;i.11 simulate as realistically and 
completely as possible the two-stage hardening of asphalt during mixing 
and the subsequent pavement service life. The test makes use of, and 
takes advantage of, the established BPR Thin Film Oven Test. It includes 
first subjecting the asphalt to TFOT and then treating the residue from 
the TFOT in oxygen at high pressures. ·The TFOT at 325 °F simulates the 
changes that may occur in asphalt during mixing, The pressure oxidation 
process at 150 op simulates the changes that may occur in asphalt during 
pavement service life. 
The cf fectiveness of the propo~cd test in accelerating the hardening 
and other changes of asphalt, the ability of the test in differentiating 
_J 
6 
asphalts with. respect to resistance to changes (bbth physical and chemical), 
and the effects of time and oxygen pressure ar~ demonstr'ilted by results 
of the proposed durabqity test Qn five 85".'100 pen •. and one 120-15 pen. 
grades of asphalt cements. 
This investigation is·the·initial phase of a long range program 
-. 
at Iowa State University, in the development of a laboratory-durability 
test sponsored by the Iowa Highway Research B<;>ard. The second and third 
phases of the program will be the establishment. of field correlation and 
the derivation of quality criteria for paving asphalts based on durability 
studies. 
7 
Approacb 
In our study of the durability of asphalt and.in the development 
of the test procedure, the following premises ~nd .concepts were formulated 
and fol lowed: 
e The niost importa:nt single factor causing asphalt pavement to crack 
and disintegrate is the failure of the asphalt as a cementing and water-
proofing agent in an asphalt mixture due to asphalt hardening. Therefore 
the extent and rate of asphalt hardening is indicative of the reiative 
durability of asphalt. 
eHardening and other pertinent changes that may occur in asphalt in 
an asphaltic concrete mix take place in two stag~s under two entirely 
different environments or conditions: hardening during short periods 
of time. in the mixer at higher temperatures and higher rates, and hardening 
during longer periods of time of road service in pavement at relatively 
lower temperatures and lower rates. The hardening mechanisms and effects 
in these two stages are believed quite different,· 
•Among the factors causing asphalt hardening, the evaporation of 
volatiles and high temperature oxidation predominate during the mixing 
process. Oxidation at road service temperatures, especially in absence 
of light, seems to predominate under service conditions. 
eAny realistic durability test for asphalt should consider the two 
stages of hardening.processes of asphalt in their logical order and 
their differences in mechanisms and effects. 
e In evaluating the quality or durability of asphalts, one is 
concerned with not only. the chnructeristics of the original asphalt, but, 
8 
even more important, the binder characteristics - the viscosity, the 
tendency to harden, the susceptibility to oxidation, the colloidal 
stability, etc., - of the asphalt in the finished pavement. This inCludes 
study of the asphalt after the first stage hardening and assures that 
the properties of the binder following construction are satisfactory for 
future pavement performance. 
. . 
•Hardening during the mixing process may· be simulated and predicted 
in the laboratory by the BPR Thin Film Oveq Test. Additionai hardening 
and other changes in the asphalt in service may be simulated by laboratory 
pressure-,oxidation tests at road service temperature on residue of the 
TFOT. 
•A definite correlation may be established, at least on .a local 
basis, between field hardening and performance of asphalt and laboratory 
accelerated hardening during a logic,:ally conc.eived and realistic dural;>ility 
test. The asphalt hardening in the field in terms of years could be 
reasonably predicted in hours or days. 
It was with these concepts and considerations that a durability 
procedure was devised. The overall program includes the following 
steps: 
1. Determine the rheological and colloidal-chemical properties of the 
original nsphalts. 
2. Run the BPR Thin Film Oven Tests an<l determine the characteristics 
of asphalts on the residcies of the TFOt. 
3. Treat the TFOT residues in o)\:ygen at 150 °F under various pressures 
for various lengths of time. 
4. Determine asphalt characteristics on pressure~oxidized TFOT residues. 
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5. Establish field service coq:-ela~ipn. 
6: Establish asphalt quality or usefu~ness ·criteria in terms of 
rheological or chemical properties, or both • 
. It is expected that the results obtained from this program will 
provide a more realistic basis for quality control and durability pre-
diction. By comparing results of tests on an asphalt from the first four 
steps and infonnation or cr·fteria established from the. last two steps, 
the quality of·the asphalt can be spe~ified or predicted. 
The report and the first year study in this project a+e 
concerned with the feasibility and sensitivity of the laboratory test 
procedures (in the first four steps), the establishment of a working 
procedure, and the effects of pressure and dura.tion on rheological and 
chemical properties of the. treated asphalts. A prc>posal to study the last 
two steps of the overall program on the develqpment of the laboratory 
durability test, i.e.' (a) correlation of the .beh.avi()r of asphalts dl,lring 
the proposed durability test and performance in pavement and (b) es-
tablishment of durability criteria for paving asphalts has been submitted 
to the Board for consideration. 
------------------------------------------------~ 
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Procedures 
Five 85-100 pen. grade and onc.120-150 pen. grade asphalts cements 
(A.C.) were used in the study. All except the 120-150 pen. A.C., which 
was obtained from the American Oil Co. at Sugar Creek, Missouri~ were 
taken from various constructiop projects in Iowa during th~ 1966 construction 
season. The physical and chemical properties of the asphalts are given 
in Table 1. 
Table 1. Properties of asphalts studied. 
i\.C. 
Specific FlnRh 
p,_•1wtration Hr<IVlty pc1lnt (0 1·') 
S0Ete11Lng Vlscoslty 
Ff.re polnr, 77 °F 
p•>lnt (0 1') ·R&ll (0 1') (megupolsea) 
Compl cx(a) i\sphal t<>nes 
rtow "C" ('!..) 
o~.ygen i 11 
OxygL!n afiph.1 I t1~1H: 
en cz.) 
1-0 88 I .012 575 665 I.I(,. 5 2.10 0,901 18.ll I),/') I). 99 
1-R '.iO l_.015 I 'IO. 'j 7.50 o. 510 Zl.R 1.00 Z. I I 
2-0 88 l .001 650 7l0 , I lfl. 5 1.90 o. 78l 11~ . l1 0 ;t,B I . JI 
2-R 55 l.015 1.26. 5 4'.90 o. 55.1 l 7. lJ 0. 72 l. 7J 
7-0 90 1.016 650 7l5 llZ.5 . 1.25 0. 966 16.6 O.Bl l.11, 
7-R 56 1.020 l26. 5 3.10 0.933 l8. 7 1.01 I. 59 
9-0 90 l.035 595 680 116. 5 2. 10 1.000 l 9. I o. 73 I. 10 
9-1\ 55 1..038 122.5 5.10 0.900 21.0 I. I 0 I . ·12 
10-U 90 0. 998 6'.W 72 5 I l8 .0 l. 70 l .(l/10 12.9 0,6'1 !. HS 
10-R ')') 1.01.0 129 .o 6. \ 'j 1.000 l 'i. 9 1.1·1 ~· . I H 
11-0 I 311 l .ll211 51.)£) (,(i() 106.5 0. 5 I l .0110 I 5. 'I O.M I. r1H 
1 l-R 79 l .030 116.0 2. l 5 L .040 l8.9 ll. 91 I . t).~ 
ll - or!~ ln<1l HS pl"ii t 
R - res illUL' 1 Tf"OT 
(ti)Tr11xlt'r, R. N. "i\sphalt. Its Composition, Prop~rt ies, and Uses 11 • Ile inhold Publishing Co. N. y. p. 5J (\%1). 
The simulation of asphalt hardening in the first stage (during 
mixing) was achieved by the BPR Thin Film Oven Test (ASTM D 1754-63T). 
Propertles of the residues from the TFOT are also given in Table 1. 
I~, --------
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The acceleration of the hardening of asphalt }n the second stage 
(during road service) was achieved by aging the residue from the TFOT 
in relatively thin films, aging the residue in oxygen instead of air, 
and increasing the oxygen pressure. 
Three series of pressure-oxidation tests were investigated. Two 
series were run on residues of the TFOT and one s~ries, for comparison 
purp·oses, was conducted on two percent sand.-asphalt mixtures. Commercial 
pressure cookers of cast aluminum, 11 in. diam and 11 in. height, were 
used for one series of pressure-oxidation treatments on residues of the 
TFOT. Samples of TFOT res.idues o.f 25 _ml were weighed into 4-in. -diam 
aluminum dishes (making films of 1/8 in.). Dishes with samples were 
then placed in the pressure cookers. After a leakage check, the cookers 
were evacuated, filled with oxygen twice, and finally filled to a pressure 
(at room temperature) that would result in a pressure of-29 psig at 
150 °F. The cooker and contents were put into the oven at 150 °F. 
Samples were treated in oxygen at 29 psig for 24, 48, 96, and 240 hours. 
-2 -1 Viscosity at 77 °F and rate of shear of 5 X 10 sec , softening point 
(R&B), compositional analysis, and percent oxygen were. determined on the 
treated residues. Viscosity was determined by a Shell sliding-plate 
microviscometer. Percent asphaltenes and oils were determined by the 
selective solvent method proposed by Csanyi.and Fung39 using Skelly F 
as solvent. Percent oxygen was obtained by a Colemen Model 36 Oxygen 
Annlyzer. Results from the first series of tests are given in Table 2. 
The second series of pressure-oxidation treatments on TFOT residues 
were run at a higher oxygen pressure and the stainless steel oxidation 
Stability Bombs (ASTM D 525) of 2-in. i.d. and 4-12 in. height were used. 
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Table 2. Prop~rties of asphalts residues from TFOT aged in pressure 
cooker:_ at 29 psig (3 atm) and 150 °F. 
Viscosity 77 °F Complex Rela_tive · Softening Asphaltenes 
A.C. Hours (megapoises) flow "C" viscoi:;ity point (%) 
1-0 0 2.10 0.901 1.00 116. 5 18.8 
1-R 0 7.50 0.510 3.58 130.5 22.8 
24 14.5 0.364 6.91 138.0 23.9 
48 19 .o. 0.213 9.05 141.5 25.3 
72 22.0 0.287 10.48 143.0 -25. 7 
2-0 0 1. 90 0.781 1.00 116. 5 14.4 
2-R 0 4. 90 0.554 2.58 126~5 17.9 
24 7.50 0.384 3.95 135.5 20.7 
48 9.60 0 .384 5 .05 137.5 21.4 
72 11. 50 0.306 6.06 139.5 21.2 
7-0 0 1.25 0.966 1.00 112. 5 16.6 
7-R 0 3.10 0.933 2.48 126.5 18.7 
24 10.0 0.649 8.00 131.5 19.7 
48 1L1-. 5 0.510 ll.60 134.0 20.6 
72 17. 6 0.625 14.10 138.5 20.5 
9-0 0 2.10 1.000 1.00 116.5 19.0 
9-R 0 5.10 0.900 2.43 122.5 21.0 
24 8.90 0.577 4.24 128.5 z2.3 
48 14.0 0 .577 6.67 131.0 23.1 
96 18.5 0.601 8.82 137 .o 24.7 
240 29 .o 0.601 13.80 140.5 26.2 
10-0 0 1. 70 1.040 1.00 118.0 12.9 
10-ll 0 6.15 1.000 3.62 129.0 15.9 
2l} 12.2 0.510 7.18 137. 5 19.5 
48 15.0 0.466 8 .85 141.5 19.9 
96 21.5 0.384 12.63 146.5 21.0 
0 - original asphalt 
R - residue from TFOT 
Oxygen 
(%) 
0.79 
1.00 
1.14 
1.20 
1.25 
0.48 
o. 72 
1.18 
1.37 
1.46 
0.81 
1.01 
1.06 
Ll7 
1.14 
0.73 
1.10 
1.12 
1.23 
1.15 
1. 37 
0.63 
1.13 
1.26 
1.30 
1.42 
Samples of TFOT residues of 4 ml were treated in 1-5/8-in.-diam glass 
dishes (making films of 1/8 in.) in pressure bombs at 132 psig of oxygen 
in 150 °F water bath for periods of 24, 48, 96, and 240 hours. Changes 
in asphalt in terms of viscosity at 77 °F, asphaltenes, oxygen content 
were determined and are given in Table 3. Effects of pressure variation 
on viscosity and chemical properties of treated TFOT residues in 1/8-in. 
films at 150 °F were investigated up to 200 psig. Data on the effects 
of pressure variation on Asphalts 9, 10, and 11 are presented in Table 4. 
Table 3. Properties of asphalts residues from TFOT aged in pressure 
bombs at 132 psig (10 atm) and 150 °F. 
A.C. Hours 
1-0 0 
1-R 0 
24 
48 
72 
240 
2-0 0 
2-R 0 
24 
48 
72 
240 
7-0 0 
7-R 0 
Viscosity 
77 Of 
(megapoises) 
2 .10 
7.50 
15.0 
18.2 
23.0 
28.0 
1.90 
4.90 
8.40 
13 .1 
14.2 
1.25 
3.10 
Complex 
flow "C" 
0.901 
0.510 
0.445 
0.325 
0.325 
0.176 
0.781 
0.554 
0.364 
0.306 
0 .268 
0.176 
0. 966 
0.933 
Relative Asphaltene Oxygen 
. . (%) viscosity (%) 
1.00 18.8 0.79 
3.58 22.8 1.00 
7.15 24.9 1.16 
8.68 26.4 1.25 
10. 95 26.8 1.35 
13.35 27.2 1.64 
1.00 14.4 0.48 
2.58 17.9 0. 72 
4.42 19.9 1. 33 
6.90 20.7 1.48 
7. L~9 21. 7 1. 52 
12.62 24.3 1. 75 
1.00 16.6 0.81 
2.48 18.7 1.01 
' 
·I 
,--------
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Table 3. (Cont.) 
Viscosity 
77 OF Complex. Relative Aspha1tene Oxygen 
A.C. Hours (megapoises) flow 11C" · vir;;co.sity (%) (%) 
24 10.2 0.700 8.17 20.2 1.17 
48 16.2 0. 638 . lZ.96 2i.o 1.30 
72 20.6 0.568 16.50 21.6 1.38 
240 32.5 0.424 26.00 23.6 1.45 
9-0 0 2 .10. 1.000 1.00 19.1, 0.73 
9-R 0 5.10 0.900 . 2 .43 n.o 1.10 
24 13.50 o. 577 .6.44 22.7 1.24 
48 19.50 0.577 9.29 23.5 1.34 
96 25~3 0.649 12.95 24.7 1.46 
240 34.0 0,601 i6.20 36.3 1.56 
10-0 0 1. 70 1.040 ·1.00 12.9 0.63 
10-R 0 6.15 1.000 3.62 15.9 1.13 
24 14.5 0.577 8.54 19.2 1.46 
48. 18.0 0.445 . 10. 60 20.6 1.62 
96 23. 5 . 0.325 . 13.80 21.8. 1. 78 
240 31.0 0.231 . 18T20 23.3 1.82 
11-0 0 0.53 1.040 1.00 15.3 0.64 
11-R 0 2.15 1.040 . 4.06 18. 9 0. 97 
24 5.00 1.070 9.44 20.8 1.10 
48 6.45 o. 900 . 12.15 21.8 1.13 
96 13.2 0.900 24. 90 . 23.1 1.29 
240 18. 7 0.466· 35.30 24. 7 1.43 
0 - original asphalt 
R - residue from TFOT 
I ') 
Tnhlc! 1, • El"fectH of preHsure on Jff(!HIHJre -o:)('.yf!,C!fl teHtS. 
.: .. 9 10 LL 
Viscos·1 ty Viscosity Viscosity 
77 F ASphaltenes 77 L'· Aspha1 tenes 77 F Asphaltt!nes 
A.C. (megapoises), ('7.) (megapoises) · . (%) . (~egapo i~es) (7,) 
Original 2 .10 19.l 1. 70 12. 9 0.53 15.3 
Residue, TFOT s.10 21.0 . 6.15 15.9 2.15 18.9 
Vac. 24 hr 4.75 21.0 .5. 70 . 15. 9, L86 18.8 
N2, l atm, 24 hr 4.90 20.6 6.80. 15.5 1.85 18.9 
Air, l atm, 24 hr a.so '21.0. .. 7 .20 l~;j 1. 95 18.6 
02, 1 atm, 24 hr 10 .5 2L4 lO .0. 16. 9 2.50 l8. 9· 
02, lOpslg, 24 hr l0.8 21, 6 . 10. 5 16.4 . 2. 65 1..9, 7 
02, 30ps ig, 24 hr 11.4. ·22.0 H.O · . ti .6 2.80 l9.5 
02, 60ps lg, 24 hr 12. 5 21,5 12. 5 17. 7 ], 50 20.7 
02, 90psig, 24 hr 13.0 zj,ci ~4.0 . 18.0 
02, 106psig, 24 hr 13.5 22. 7. -- . 
02, 132ps ig, 24 hr u.s. 22.7 14. 5 19.2 4.30 ·20.8 
02, 154psig, 24 hr ~4 •. 1 .23.3 15.4 18.5 
02, 200psig, 24 hr 15.5 '23. 7 17.8 19.4 6.90 22.0 
. . . . . . . 
The third series of presi;;ure-oxidation.sttidies wer~ made. on two 
percent sand-asphalt mixtures. Ottawa sand and asphalt were heated to 
350 °F and 300 °F respectively and mixed, in propOJ:"tions o:f two percent 
asphalt by weight;: o:f sand, for three minutes in a Kitchen-aid mixer. 
After mixing under closely controlled conditions, mixtures of 800 g were 
loosely spread. iri aluminum pans 9 in. in diam in thicknesse~ of about ~ 
in. and treated in pxygen in the cooker at 29 psig for 24, 48, and 96 
hours at a temperature of 150 °F. Asphalts.were recovered by the Abson 
method (ASTM D 1850-65) using benzene as a solvent from both treated an9 
untreated sand-asphalt mixtures and tested for viscosity and chemical 
analysis. The resul'ts are given iq Table 5. 
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Table 5. Properties of asphalts recovered from pressure~oxygen treated sand-
asphalt mixt4res 
Viscosity 
Asphalt .Hours 77 F Complex Relative Asphaltenes Oxygen 
A.C. (%) aging· (m~gapoises) flow .''C" .v~scosity (%) (%) 
1-0 o· 0 . 2 .10 o.901 1.00 18.8 0.79 
1-Re 2 0. 8.80. 0.754 . 4.20 23.4 1.42 
24. 9.40. 0.510 4.48 24.5 1.53 
48 14.50 . 0. 364 . 6. 90 . 24. 6 1.62 
96 17.00 0 .287 . . ·s.10 25.1 1.63 
2-0 0 0 1.90 0.781 1.00 14.4 0.48 
2-Re 2 0 .. 6.80 0.675 3.58 lf\.7 1. ll 
24 10.6 0 ~ 325. 5.59 21.5 1.35 
48. . 10.9 . 0.287 5.74 21.4 1.45 
96 11.5 0.268 6.05 21. 7 1.50 
7-0 0 0 1.25. 0.966 1~00 16.6 0.81 
7-Re 2 0 7.00 1.040 5.60 17.0 0.95 
24 8.80 0.839 7.03 18.9 1.14 
·43 11.50 0.700 9.20 19.6 1,34 
96 15.10 0.554 12.10 19.7 1.30 
9-0 0 0 .2.10 1.000 1.00 19.1 0.73 
9-Re 2 0 5.40 0.933 2.57 20.1 1.08 
.2.4 9.·10 0.900 4.33 22.0 1.26 
48 11.5 0.781 . 5.48 23.0 1.36 
96 16.0 0.700 7.63 2~.5 1.64 
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Table 5. (Cont.) 
Viscosity 
Asphalt Hour~ · 77 F ·complex Relative Asphal tenes Oxygen 
A. C. (%) aging (megapoi.ses) · ;flow "C" .viscosity (%) (%) 
10-0 0 0 1. 70 1.040 1.00 12 ~ 9 0.63 
10-Re 2 0 10'. 6 0.6J5 6.~4 18.4 1,20 
24 i4.5 . 0 .• 601 8.55 20 •. 2 1.55 
48 15 .o ·o.424 8.83 19.2 1.61 
9() 16.5 0.404 9.70 20.9 1. 70 
11-0 0 0 Q.53 1.040 1.00 15.3 0. 6l~ 
11-Re 2 0 .1. 78 . 1.040 3.36 19.5 1.07 
24 3.60 ·o.933. 6.80 20.3 1.09 
48 4~30. o. 9·33 8.12 z2.1 1.30 
96 ·5.60 o. 754 10~56 23.3 1.51 
0 - original asphalt 
Re - recovered asphalt. 
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Results 
Behavior of Asphalt· During the Pressure-Oxidation Treatments 
' The viscosity changes during.the proposed durab:j_lity test (the 
TFOT plus pressure-oxidation) are shown in Fig. 1 for samples treated 
at 29 psig and in Fig. 2 for samples ·treated at 132 psig, both in films 
of 1/8 in. and. at a temperature of 150. °F. The general nature of the 
two sets or curves are similar, i.e., (a) effect of aging is reflected 
by increase in viscosity, and (b) the viscosity change appears .to l:>e a 
hyperbolic function of t:Lme of treatment, which is in agreement with 
fl."eld f" d" 40~44 in. ings • 
40 Brown et al. have suggested expressing the hardening of asphalts 
in the field mathematically as follows: 
or 
where 
6Y = T/(a + bT) (1) 
T/!W == a + bT (2) 
ti.y = change in penetration (or s.oftenl.ng point or ductility) 
with time T or ·the difference bet~een the zero-life value 
and the value for any subs.equent ye~r, 
a = constant, the intercept of the Eq. (2) line on the ordinate, 
b =slope of the line Eq. (2)~ 
and ] /b = the ultimate change (limtting vaiue of ~hange) of penetra-
tion at infinite time. 
From the limiting values of change (l/b) the limiting values of 
properties can also be calculated. Both. vaiues could be used as 
numerical measures for comparison of the refative performances of asphalts. 
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.. · · O~ygen pressure . : 29 p·sig 
·Film thi~kness : . 11a in. 
· Temperature: 150°F 
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R 20 40 60 80 100 0 R 20· '40 60 80 '100· 
·.Hours· in pressure· cooker 
Fig. 1. Viscosity vs time of aging in pressure cooker. 
Thus an.asphalt w:ith a high value of Limiting change of penetration or a 
low value of limiting penetl;"ation could be considered as inferior to 
one with a low value of liniit:ing change of perietr:ation or a high value 
of limiting penetration. · 
Limiting viscosi.ties .(viscosity at. in.finite time) for the six. 
asphalts studied were calculat:ecl by applying Eq. (2) for viscosity change 
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Fig. 2. Vis~osity vs time of aging in pressure bolllb. 
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during the pressure-oxidation test at 132 psig. They are indicated by 
horizontal broken lines in Fig. z. The plots of T/~ Log viscosity vs 
T are shown in Fig. 3. The co,n,cept of limiting value suggested by 
Brown et al. is a useful tool in comparing performance or potential 
behavior of asphalts. However, it can .be misleading.when used as the 
only index in asphalt durability o+ quality evaluation. The reason is 
that in reality, asphalt wiil not last forever, or to infinite time. 
More likely than not, the asphalt will reach a critical value of 
penetration, viscosity, ductility, or other controlling property 
and fail before it reaches the limiting value or reaches the infinite 
time. Therefore,·it fs this critical value (o+ values) of the con-
trolling property (or properties), and the time the asphalt in question 
takes to reach thi~ valrie is of the utmost practical concern. It is 
possible that an Asphalt A showing a higher limitip.g peneti;-ation than 
an Asphalt B could reach a critical, penetration, e.g. 20, quicker in 
service life and fail earlier than B, .and wo~ld properly be. considered 
a poorer asphalt. 
So it is suggested that instead of (or in ·addition to) limiting 
values of penetration or v:iscosi ty, the time an asphalt would take to 
reach a cr{tical penetration, e.g. 20, or viscosity, say, 50 meagpoises 
at 77 °F, be calculated from the hyperbolic Eq. (2) and used as an 
index to indicate the relative durability of asphalt. Limiting viscosities 
and times they would take to reach an arbitrarily selected critical 
viscosity of 30 megapoises at 77 °F for the six asphalts during the 
pressure-oxidation test at 132 psig are given in Table 6. 
24 
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Fig~ 3~ T/6 log viscostty vs T. 
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Table 6. Comparison between two durability 
criteria 
Limiting Time to 
viscosity harden to 
at .77 °F .30 megapoises 
A.C. (megapoises) (hours) 
1 37. 5· 250 
2 44.8 310 
7 53.7 160 
9 55.4 140 
10 38.3 220 
11 54.1 360 
Note that A.C. 10, having a lower limiting viscosity, would be 
considered a better asphalt than A.C. 11 by the limiting value concept. 
In reality, it may fail earlier than A.C. 11 because it will reach the 
critical viscosity of 30 ~cgapoises earlier. 
~1en compnriDg results from prcs~ure-oxidation treatments between 
29 psig ;111d 132 psig, ·the apparent difforenee tluc to oxidation pressure 
is indicated by the lower viscosity increase during 29 psig treatment 
at all durations. However, other differences not shown in the graphs 
are found in the comparison of viscosities between surface and bottom 
layers of asphalt treated under different pressures. Table 7 .shows 
26 
t"l!Sld L 8 () r VL81'0Slty detc~rmJnatlonu on II.. c. 9 ror 29 psj g 11n<l 132 psig 
treatments, both at 150 °F. Assuming the vj_scoslty increase under these 
conditions is due to oxidation, then data in Table 7 would seem to suggest: 
eoxidation penetration progresses with time. The degree of difference 
in hardening between surface and bottom of the 1/8-in. asphalt films 
diminishes with time. 
eThe difference in oxidation hardening between surface and bottom 
layers of the 1/8-in. film was higher for lower pJ;"essures than for 
higher pressures. 
eThus it is desirable to treat asphalt from the TFOT at higher pres-
sures un<l longer durations, not only to achieve a higher acceleration 
rate but to eliminate differences between surface and bottom layers of 
the treated asphalt films. 
Table 7. Vtscosities of the treated 1/8 in. film, A~c. 9 
Time 
(hours) 
24 
48 
96 
240 
Viscosity at 77 F (megapoises) (5 X 10-2 sec -l) 
29 psig 132 psig 
Surface Bottom Surface Bottom 
8.9 5.8 13.5 11. 5 
14.0 12.0 19.5 18.5 
18.5 13.5 25.3 25.3 
29.0 28.0 34.0 34.0 
Other significant observations that can be made from Table 2 and 
Fig. 2 are: 
•The general shape of the hyperbolic curves during the pressure-
oxid11tion treatment at 132 psig and 150 °F can be defined with reasonable 
accuracy within 200 to 300 hours. 
27 
eThe treatment (132 psig and 150 °F) can accelerate the hardening 
process to an average of saven times that of the oiiginal asphalt in terms 
of absolute viscosity at 77 °F in 24 hours, without. deviating much from 
the field hardening mechanis~. This value is equivalent to about one 
year hardening in the field under Iowa conditions 44 • Higher acceleration 
factors cah be obtained by increasing the oxygen pressure and time of 
oxidation •. 
eThe effect of the pressure-oxidation treatment during the proposed 
. 46 durability test is shown by decrease in the degree of complex flow "c" • 
This is also in agreement with the field fintling 41 
The change in shear susceptibility or shear index of the asphalts 
during the proposed durability test at 132 psig is shown in Fig. 4. 
The shear index is the tangent of the angle of log shear rate vs log 
viscosity plot. The behavior of asphalts in the proposed test procedure 
appears to be in agreement with behavior of asphalts in Hveem's weathering 
machine and in the field26 • 
eThe viscosity ratio or relative viscosity (ratio between treated 
or aged and original viscosities) was plotted against time in Fig. 5. 
It will be noted that A.C. 11 hardened most by relative viscosity. 
However, if viewed from the absolute viscosity curves, it can be show~ 
that, either by extrapolation or by calculation, A.C. 10 would reach 
a cri. tic.nl v:l.scosi ty of, say, JO megapoiscs at 77 °F first and could be 
cons:Lden•d as the least d~irable. Thus a question arises regarding the 
adequacy of using r~lative viscosity alone as the index of hardening 
for durability study purposes. 
eFrom the slopes of the curves in Fig. 5, the relative harden~ng 
during TFOT or during mixing mqy or may not reflect relative hardening 
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during pressure-oxidation or in service aging. This illustrates the 
necessity of a durability test procedure to simulate not only the changes 
in asphalt during handling but also changes during subsequent service. 
life. 
Asphaltene content changes in asphalt during pressure-oxidation 
tests are shown in Figs. 6 and 7. The increase in asphaltenes decreased 
with time. Effects of aging were also indicated by the decrease in 
oils and increase in percent oxygen in treated asphalts. 
Effects of Pressure Variation on Pressure-Oxidation Treatment 
The effects of oxygen pressure during the pressure:--oxidation test 
on viscosity and asphaltene content changes for Asphalts 9, 10 and 11 
·are given in Table 4. Data in Table 4 were obtained from TFOT residue, 
treated in the pressure bomb for 24 hours at 150 °F and in films of 1/8 
. . 
in. Viscosity is plotted against oxygen gage pressure in Fig. 8. Per-
cent asphaltene in asphalt vs oxygen gage pressure is shown in Fig. 9. 
In both cases there appear to be linear relationships between property 
changes and 'oxygen pressure. The effect of oxygen on asphalt hardening 
is obvious when comparing viscosities between asphalt treated in a 
vacuum or nitrogen and treated in air or oxygen. However, the increase 
in viscosity is not very sensitive to an increase in oxygen pressure. 
An increase in oxygen pressure from 1 atm to 20 atm could increase the 
viscosity by only two to five times for the three asphalts studied. 
The effect of oxygen pressure on formation of asphaltenes during the 
test is more nearly uniform for the asphalts studied, about 1.5 to 2.0 
percent over an increase of oxygen pressure from 1 atm to 10 atm. 
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Nevertheless, an increase of oxygen pressure to 20 atm should accelerate 
the hardening process by a factor of about 1-1/2. 
Behavior of Asphalts in Sand~Asphalt Mixtures 
During Pressure-Oxidation Treatments 
The properties of asphalts recovered from the pressure-oxidation 
treated sand asphalt mixtures are given in Table 5 and shown in Figs. 
10 and 11. Due to the relatively high mixing temperature (350 °F) and 
low asphalt content (2 percent) used in the mixing process, the viscosity 
nnd nsplrnl tene content: increases during mixing were higher than those 
from the TFOT in a majority of the asphalts. However, the increase in 
viscosity and asphaltene content were relatively low comp~red to 
treated TFOT residues during the pressure-oxidation hardening process, 
in spite of the thin films. The relative change and shape of· the curves 
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for the pressure-oxidation treatment were similar to those of the 
treated TFOT residues. Another difference found between treated 
sand-asphalt and TFOT residues was the marked percent oxygen increase 
in the asphalts recovered from the treated sand-asphalt mixtures. 
It was decided that the use of TFOT residue during the second 
phase treatment in the proposed durability test is superior to the use 
of sand-asphalt mixture because: 
I· 
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eThe TFOT procedure is simple and rapid, 
eLess manipulation and fewer variables in the process contribute to 
better reproducibility, and 
eMore asphalt can easily be obtained from the TFOT for more informative 
testings. 
Repeatability 
The repeatability and reproducibility of the TFOT were studied 
46 47 
and reported elsewhere ' • The reproducibility of the pressure-
oxidation test at 150 °F and 132 psig oxygen pressure was determined 
by making repeat treatments under identical conditions of temperature, 
pressure, film thickness, and duration on one residue from TFOT on 
A.C. 9 and one TFOT residue from A.C. 11. Repeatability was 
measured by viscosity with a sliding plate microviscometer at 77 Of 
-2 -1 
and at a rate shear of 5 X 10 sec • The results of six treatments 
on each asphalt are given in Table 8. 
It is concluded that the pressure-oxidation test is reproducible. 
The variability or accuracy of the proposed durability test procedure 
is controlled by the variability and reproducibility of the TFOT and 
viscosity determinations. 
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Table 8. Viscosity at 77°F on TFOT 
residues treated in oxzgen 
bombs at 132 psig, 150 F and 
in films of 1/8 in. for 24 
hr. 
Bomb A.C. 9 A. C. 11 
A 12.8 4.95 
A 13.5 4.50 
A 13.5 5.00 
Av bomb A 13.3 4.82 
B 13.3 5.00 
B 13.3 5.00 
B 13.0 5.20 
Av bomb B 13.2 5.07 
Gr and aver age 13.2 .4.15 
Standard deviation 0.283 0.233 
Maximum deviation 
from mean (%) 3.0 9.1 
Average deviation 
from mean (%) 1.8 2.9 
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Conclusions 
The work described in this report may be considered both a p~ogress 
report and a testing of ideas and philosophy, or a testing of the 
. feasibility and logicality of the proposed durability test. The most 
significant conclusions are: 
eThe pressure-oxidation procedure is sound and reproducible. The 
procedure is simple and the conditions can be easily controlled. 
eThe BPR Thin Film Oven Test is superior to the sand-asphalt 
mixture recovery method in simulating the first stage hardening in 
asphalt. The reasons are that (a) it is simple, rapid, and well es-
tablished; (b) the facilities are inexpensive; (c) with fewer variables 
the results have better reproducibility; and (d) more asphalt can easily 
be obtained for testing, not only for viscosity, but for chemical 
changes, ductility, brittleness, etc. 
The availability of material for testing, in addition to v.iscosi ty 
measurement, is important until a test or property of asphalt is found 
that can completely and reliably represent or define the deterioration 
cif asphalt. 
eThe procedure can accelerate the hardening process to an average of 
seven times of the original asphalt in terms of absolute viscosity at 
77 °F :l.n 24 hours, without deviating much from the hardening mechanism. 
This value equals about one year hardening in the field under Iowa 
conditions. Higher acceleration factors can be obtained by increasing 
the oh7gen pressure and time of oxidation. The exact laboratory accelera-
tion equivalency factors or curves must be established through field 
correlation. 
39 
eDifferences exist among asphalts in the rate and degree of 
hardening during the pressure-oxidation procedure. Therefore the pro-
~edure can distinguish between asphalts that are susceptible to hardening 
and those that are not. 
eThe viscosity increase or hardening in the pressure-oxidation 
test is a hyperbolic function of time. This is in agreement with 
. 40-44 
actual asphalt hatdening in service · It is believed that a 
definite correlation can be established, at least on a local basis, 
between field hardening and performance of asphalt, and the proposed 
laboratory durability test. 
•continued study into the next phase of the durability test in-
vestigation, i.e. field correlations, is necessary so that information 
obtained can be put into useful and applied form in asphalt paving design 
and quality cqntrol~ 
In future study, a new pressure vessel will be designed to hold 
eight 5~-in.-diam TFOT pans so that the TFOT residues can be treated 
in oxygen directly without transferring. Also, more sample will be 
available for additional tests such as ductility and Fraass brittle 
point. Treatment will be made both in 10 atm and in 20 atm oxygen 
pressure up to 240 hours. 
40 
References 
1. Richardson, C., "The Modern Asphalt Pavement." John Wi_ley and Sons, 
N. Y. (1905). 
2. Hubbard, P. and Reeve, C. S., Office of Public Ro.ads Bull. No. 38, 
(1911). 
3. Hubbard, P. and.Reeve, c. s.' J. Ind. Eng. Chem. 5:15 (1913). 
4. Reeve, c. s. and Lewis, R. H.' J. Ind. Eng. Chem. 9:743 (1917). 
5. Lewis, R~ H., Proc. AAPT. 5:63 (1933). 
6. Lewis, R. H. and Hillman, w., Q'B. Public Roads, 15, No. 4 (1934). 
7. Lewis, R. H. and Hillman, w.' O'B. Public Roads, 16, "No. 6 (1935). 
8. Lewis, R. H. and Hillman, w., O'B. Public Roads, 18, No. 5 (1937)~ 
9. Lewis, R. H. and Welborn, J. y.' Proc. A.APT. 11:86 (1940). 
10. Skidmore, H. w. and Abson, G.' Proc. AA.PT. 9:195 (19:37). 
11. Shattuck, c .. L.' Proc. AA.PT. 11: 186 (1940) • 
12. Clark, R. G.' Proc. AA.PT. 27: 196 (1958). 
13. Thurston, R. R. and Knowles, E. c.' J .. Ind. Eng. Chem. 33:320 (1941). 
14. Anderson, A. P., Stress, F. H., and Ellings, A.,. Ind. Eng. Chem. 
An. Ed. 14:45 (1942). 
15. Ebberts, A. R., J. Ind. Eng. Chem. 34:1048 (1942). 
16. Vun Oort, W. P., Ind. Eng. Chem. 48:1196 (1956). 
17. Blokker, P. C. and Van Hoorn, IL, Proc. Fifth World Petroleum Congress. 
Section VI: 417 (1959). 
18. Griffin, R. L., Miles., T. K., and Penther, C. J., Proc. AA.PT. 
24:31 (1955). 
19. Heithaus; J. J. and Johnson, R~ W., Proc. AAPT. 27:17 (1958). 
20. Traxler, R. N., Proc. AA.PT. 30:359 (1961). 
21. Hveem, F. N., Proc. AA.PT. 15:111 (1943). 
I 
41 
22. Stanton, T. E. and Hveem, F~ N., ASTM STP. No. 94:84 (1949)~ 
23. Traxler, R. N., Proc. AAPT. 32:44 (1963). 
24. Martin, K. G., J. A:e£lied Chem. 16:197 (1966). 
25. British Road Research Laborat:ory •. Bituminous Materials in Road 
Construction. Her Majest:y's Stationery Office. London. (1962).· 
26. Hveem, F. N., Zube, E., and Skog, J. Proc. AA.PT. 32:271 (1963) •. 
27. Lewis, R. H. and Welborn, J. Y., Proc. AAPT. 11:86 (1940). 
28. Lewis, R. H. and Welborn, J. Y., Proc. AAPT. 12:14 (1940). 
29. Pauls, J. T. and Welborn, J. Y., Proc. AAPT. 21:48 (1952). 
30. Hveem, F. N., Zube, E., and Skog, .J., ASTM, STP. No. 277:3 (1960). 
31. Bright, R. and Reynolds, E. T., HRB Bull. 333:20 (1962) . 
.32. W;1y, P. J., Fuller, H. ·I., Les, T., and Winward, A., Proc. Fifth 
World Petroleum Congress. Section VI:433 (1959). 
33. Lannniman, K. A., Les, . T. and Wqy, P. J., J. Appl. Chem. 12: 510 
(1962). 
34. Csanyi, L. H. and Lee, D. Y., Paper presented at Annual Meeting 
ASTM, Boston, 1967. 
35. Simpson, W. C., Griffin, R. L. and Miles, T. K., ASm STP. No. 
277: 52 (1959). 
36. Traxler, R. N., Proc. AAPT. 32:229 (1963). 
37. Gallaway, B. M., Proc. AAPT. 28:280 (1959). 
38. Halstead,·W. J. and Zenewitz, .r. A., Public Roads. 31:211 (i9.61). 
39. Csanyi., L. H. and Fung, H.P., Proc. AAPT. 23:64 (1954). 
40. Brown, A. B., Sparks, J. W., and Larsen, 0., Proc. AAPT. 26:66 (1957). 
41. Gallaway, B. M., Proc. AA.PT. 26:151 (1957). 
42. Pauls, J. T~ and Halstl,ad, W. J., Proc. Assa. Asph~ Pav. Tech. 
27:123 (1958). 
43. Heithaus, J. J. and Johnson, R. W., Proc. Asso. Asph. Pav. Tech. 
27: 17 (1958). 
42 
43. Way, P. J., Fuller, H. I., Les, T., and Winward, A., Proc. Fifth 
World Pet. Congress, Section VI:433 (1959). 
44. Lee, D. Y. and Csanyi, L. H., Final Report, Project HR-107 (1965). 
45. Traxler, R. N., "Asphalt: Its Composition, Properties and Uses." 
Reinhold Publishing Corporation, N. Y. p. 53 (1961). 
46. Winni ford, R. S., AS™ STP. No, 212:51 (1957). 
47. ASTM Standards, Part 11:533 (1966). 
43 
Ack~owledgm~_nt 
This report is the result of the study under Project 664~S of the 
Engineering Research Institute, Iowa State University, under the 
sponsorship of the Iowa Highway Research Board and theIIowa State 
Highway ConnnisSion. The author is indebted to the Board for its 
support of this study and the engineers of the Iowa Highway Commission 
for their interests and cooperation-. 
- The author wishes to thank Professor L. H. Csanyi for his 
interests and guidance and Miss Pam Long for carrying out much of 
the testing. 
